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1I. INTRODUCTION
This report has been prepared by the personnel of the
Nuclear Engineering Department at M.I.T. to provide a sum-
mary and guide to the Department's educational, research,
and other activities. Information is presented on the
Department's facilities, faculty, personnel, and students.
The information has been prepared for the use of the Depart-
mental Visiting Committee, past -and present students, prospec-
tive students interested in applying for admission to the
Department, and others.
Since the last Activities Report, August 1973, there
has been an enormous change in the worldwide nature of
energy production and utilization. The historically long
era of cheap abundant energy from fossil fuels, particularly
oil, came to an abrupt end. The alliance of the Oil Producing
and Exporting Countries has produced a tightly controlled
cartel which fixes the price of imported crude oil into the
U.S. The result has been a dramatic increase in the cost of
oil and oil products, on the order of 300%. The U.S. balance
of payments has shifted, almost overnight, from a surplus to
a huge (%$15 billion per year) deficit. Continued high cost
of imported oil promises further economic dislocations in
the U.S.,, and other free-world economies.
American society has felt the effects of the energy
crises in increasing costs of fuel, electric energy, and oil
products. Further, shortages appeared in the winter of
1973/74 and may reappear in the winter of 1974/75. The
response of the Federal Government has been to set a national
goal of energy independence from foreign sources. Whether
or not this can be accomplished quickly is subject to con-
siderable debate. There is, however, uniform agreement
among policy planners, energy authorities, and utilities
that nuclear power must play an important role in achieving
an independent energy supply in the U.S. Similar conclu-
sions have also been reached in Japan and most Western
European Countries, particularly France, Germany, and Scandanavia.
Nuclear power has had a continuous growth in the United
States since the first commercial reactor went in service in
1958. As of December, 1974, there are 55 nuclear plants
with operating licenses. These plants produce about 37,000
Megawatts of electric power, which is approximately 7 % of
the U.S. capacity of about 450,000 Megawatts electric.
This nuclear generating capacity now in operation is equi-
valent to about 1.5 million barrels of oil per day, represen-
ting significant reduction in our nation's needs for scarce
domestic or expensive imported petroleum. There are 62
nuclear plants under construction and about 107 nuclear
plants on order. The combined output of the operating and
ordered plants is about 230,000 MWe. The projected U.S.
2electric power growth, and the nuclear component are shown
in Fig. 1. It is evident that continued high prices of
fossil fuels will lead to even greater reliance upon nuclear
power.
Along with the growth of the nuclear industry there is
a growth in the need for trained manpower. The American
Nuclear Society conducted a survey of the nuclear industry
for the industries manpower needs for new graduates in
Nuclear Engineering for 1974 and 1975. The data is summar-
ized in Table 1.
Table 1
Annual New Graduate Needs in the Nuclear Industry
1974 1975
SB Demand 1556 1663
SM Demand 430 464
PhD Demand 251 248
Total 2237 2375
These numbers are to be contrasted with the latest
available data on degrees granted in Nuclear Engineering
programs as shown in Table 2.
Table 2
Annual U.S. Graduates in Nuclear Engineering
Degrees
Granted Projected
1973 1974
SB 364 425
SM 416 425
PhD 117 110
Total 877 910
The shortfall is being met by hirings of graduates from
nonnuclear degree programs who have some nuclear training.
It is evident that there is a severe shortage of nuclear
engineers today, and the shortage will grow more evident in
time as increased activity in the profession is felt. At
present there are approximately 14,600 engineers employed in
the nuclear industry, and for nuclear utility manpower and
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4supporting needs, e.g., design, licensing, and construction.
The need is expected to reach 31,000 engineers in the next 8
years, which is a 10% growth rate. Comparable growth is
expected in the U.S. Government needs and the National
Laboratory needs. The manpower demand is not going to
decrease from the current level of about 2400/year, at least
not for a decade.
Student recognition of the need for trained nuclear
engineers, at all levels, is apparent in the application
statistics in our department. Table 3 shows the trend in
applications versus time.
Table 3
Application for Admission
to M.I.T. Nuclear Engineering Department
Academic Year 1971/72 87
1972/73 85
1973/74 102
1974/75 130
At the time of the writing of this report applications
for 1975/76 are already 20% ahead of 1974/75.
Enrollment trends are parallel to the application
trends as can be seen from Table 4.
Table 4
Enrollment in M.I.T. Nuclear Engineering Department
1970/71 111
1971/72 117
1972/73 113
1973/74 127
1974/75 139
The figures clearly indicate the increasing interest
among students in the nuclear profession. The size of our
graduate enrollment is limited by the availability of financial
aid, rather than by the availability of qualified applicants.
The aid available to students has increased rather dra-
matically in the past years. In 1972/73 the Department had
a sponsored research volume of $545,000. In 1973/74 the
research volume was $734,000, while for 1974/75 the volume
is $1,200,000. In the academic years 72/73 and 73/74 we
5were able to support an average of 24 research assistants.
For 1974/75 we have 48 research assistants, which is a
reflection of the "student intensive" nature of the research
within the Department. By virtue of the increased research
support we have been able to increase our enrollment. There
are indications that Federal support for graduate students,
particularly in the crucial area of energy will increase in
the future. Thus, we anticipate further increases in the
graduate student body size.
The recognition of the importance of nuclear power as
an alternative to fossil fuels has been made by foreign
governments. We have been in discussions with representatives
of the government, or national utilities, of Brazil, Republic
of China, Iran, and Spain concerning their sending students
to M.I.T. for training. These discussions have been initiated
at the request of the foreign governments, and have already
lead to placement of 9 students from Brazil in the Department.
We anticipate students from the other countries will begin
study in February and/or September 1975.
The manpower needs clearly reflect the need for SB
students in Nuclear Engineering. We do not offer an undergraduate
degree in Nuclear Engineering at present, however, based
upon the well recognized national need, we have undertaken a
detailed review of the means and mechanisms for establishing
an SB program. The faculty of the Department concluded that
it is both advisable and practical to establish such a
program. We are now in the process of obtaining Institute
approval to establish the degree. Details of the proposed
curriculum, as well as the analysis leading to the decision
are discussed in Section 4 below.
In section 2 of this report there is a discussion of
developments within the Department since August of 1973.
Section 3 is a detailed discussion of our research and
educational activities. Section 4 presents a discussion of
our curriculum, including the SB program. Section 5 discusses
the facilities of the Department as well as available to the
Department. In section 6 there is a summary of Departmental
personnel. Sections 7 and 8 provide statistical information
about the Department and its students. The final section,
9, is a listing of recent theses completed since our last
report.
62. SUMMARY OF DEVELOPMENTS SINCE AUGUST 1973
This section is a summary and discussion of develop-
ments within the Department since our previous report. The
summary includes academic programs, research programs,
special summer activities, the Department's contribution to
the Institute-at-large, and recent honors to the faculty.
The most important modification to our graduate curri-
culum has been a restructuring of the subjects in Plasma
Physics and Fusion Technology. The revision was undertaken
to provide training for three distinct types of students:
those with a principal interest in fission technology but
desiring some insight into fusion principles, those with an
interest in the engineering and applied aspects of fusion
technology, and students with a career objective in plasma
physics and theory. Three new subjects have been created
including: 22.610 - Controlled Fusion Power; 22.66 - Trans-
port Phenomena in Toroidal Systems; and 22.67 - Plasma
Diagnostics. There has also been a revision of the syllabus
in the following subjects, 22.611 and 22.612 - Plasma and
Controlled Fusion I, II, whereas 22.62 - Thermonuclear
Reactor Design, and 22.63 - Engineering Physics of Plasma
and Particle Devices, have been combined into a new sequence
22.621 and 22.622 - Thermonuclear Reactor Design I and II.
The curriculum revision was developed by Professors Lawrence
M. Lidsky, Peter A. Politzer, David J. Rose, and Dieter J.
Sigmar. A complete description of the subject contents may
be found in Section 4.6.
Professor Rose has introduced a new subject 22.08J -
Energy - which was offered for the first time in the Spring
semester of 1974 and attracted 14 students. The subject is
for both graduate and undergraduate students and discusses
energy from a global view and considers topics beyond
nuclear means of production.
Professors Sow-Hsin Chen and Sidney Yip introduced a
new undergraduate subject 22.04 - Radiation Effects and
Uses, in the Spring of 1974. The subject attracted 15
undergraduates in its very first offering. Professors Chen
and Yip have also revised the basic nuclear physics sub-
jects - 22.111 and 22.112. The revision was undertaken to
provide nonphysics majors with the opportunity to obtain a
comprehensive overview of nuclear physics in one semester.
The more theoretical aspects are concentrated in the second
semester, for students wishing further special training.
The Department was very fortunate to obtain the ser-
vices of Dr. Thomas A. Jaeger of the Technical University of
Berlin as a Visiting Professor for the Fall semester of
1974. Professor Jaeger prepared and taught our first of-
fering in mechanical design in a subject 22.314/315J -
7Structural Mechanics in Nuclear Power Technology. The
subject was taught jointly with the Civil Engineering,
Mechanical Engineering, Metallurgy and Materials Science,
Ocean Engineering, and Aeronautics and Astronautics De-
partments. As a unique experiment in cooperation with many
disciplines, the subject was incredibly succesful with a
registration of 57 students and 23 listeners. The subject
material included special tutorials in nuclear power tech-
nology for non-nuclear engineering students, foundations of
the mechanics of materials for the nuclear engineering
students, and common lectures on mechanical, thermal, and
structural analysis for nuclear power plant systems. The
format and content of the subject was very well received and
represents a classic example of how well such ventures can
succeed in crossing disciplinary boundaries. We have a
strong motive to continue this subject and to search for
similar opportunities in other aspects of the nuclear
profession.
Professor Edward A. Mason offered a new subject -
22.38 Current Developments in Nuclear Energy - in the Fall
semester of 1973. This seminar-type course is directed
mainly at advanced-level graduate students and deals with
the latest developments in reactor design, safety, licensing,
operational experience and in nuclear programs and organiza-
tion. The subject was stimulated by Professor Mason's
service on the AEC's Advisory Committee on Reactor Safeguards
and draws extensively on his collection of ACRS documents.
Mr. Milton Shaw, formerly Director of Reactor Development
and Technology and a Visiting Professor of Nuclear Engineering
during the Fall of 1973, participated extensively in this
series of seminars.
Professor Irving Kaplan is offering a new subject 22.82
- History of Nuclear Engineering, A Case Study~ in the Inter-
action between Technology and Society - for the first time
in the Spring of 1975. With the growing interest in public
policy, nuclear energy, and U.S. energy policy, this subject
is both timely and an important new component in our cur-
riculum.
Professor Norman C. Rasmussen is introducing a new sub-
ject on Reliability Analysis Methods in the Spring semester
of 1975. The subject material is an outgrowth of his leader-
ship of the study of reactor safety. The problems of relia-
bility are intimately related to safety of nuclear plants,
and this offering is expected to attract attention through-
out the Institute.
Professor Gordon L. Brownell, with the assistance of
Drs. D. Hanatowich and B. Murray, has modified the Depart-
ment's offerings in Radiation Shielding and Effects. The
revised subject 22.55 - Nuclear Radiation in Biology and
8Medicine - attracted 9 students. In general we see a growing
interest among students in bioengineering and expect considerable
growth in this area. The subjects on radiation technology
have been combined into a new subject 22.534 - Radiation
Engineering and Shielding - which will be offered for the
first time in the Spring of 1975.
The faculty in the Department continues to be very
active in the direction of special summer programs. These
are high-level intensive subjects in which special training
is offered to persons outside of the Institute. The most
popular such subject, from the view of the number of par-
ticipants, is the course on "Nuclear Power Reactor Safety" -
directed by Professors Rasmussen and Arden L. Bement.
Professor Rose is in charge of a two-part program on "Energy,
A Unified View" and "Strategic Planning in the Energy Sector".
Professor Brownell is in charge of a one week program on
"Physical Aspects on Nuclear Medicine". Professors Kent F.
Hansen, Edward A. Mason, and Manson Benedict sponsor a two-
week program on "Nuclear Fuel and Power Management". Two new
additional programs are planned to be offered for the first
time in the Summer of 1975. One concerns "Structural
Mechanics in Nuclear Power Technology," which is being
organized by Professors Jaeger and Todreas with the assis-
tance of Professor Jerome T. Connor, Jr., of the Department
of Civil Engineering and Professor Theodore H. Pian of the
Department of Aeronautics and Astronautics. The second is
"Nuclear Technology and Economics," which is being organized
by Professors Hansen and David D. Lanning; this subject is
being designed to provide background in nuclear energy
topics for the banking, insurance and investment community.
The M.I.T. Research Reactor shutdown on Friday, May 24,
1974 to begin the modification which will increase the
radiation levels available to experimentors by a factor of
about 2.5. The new reactor, to be called MITR-II, will
hopefully be the most versatile and useful research reactor
available at any University.
MITR-I was designed by the late Theos J. Thompson. He
began work on the reactor in 1954 and construction began in
1956. The reactor was built by ACF Industries and criti-
cality was achieved on July 21, 1958. The reactor power has
increased over the years to a level of 1 MW at the time of
shutdown. MITR-I operated on a 3-shift basis weekdays for
almost 16 years and logged over 1/4 of a million megawatt-
hours of fission energy. In its lifetime, MITR-I served
students from 19 different departments, laboratories, or
groups at M.I.T. Over 450 students and 43 faculty members
from M.I.T. have used the facility. The research contribu-
tions are outstanding - over 900 theses, reports, and papers
on reactor-related research have been published.
9Professor Thompson was the first Director of the
reactor, and the facility and the Department still benefit
from his leadership. When Professor Thompson left the
Institute of become an AEC Commissioner, Mr. Lincoln Clark,
Jr., was named as Director, and still serves in that capa-
city. Professor Lanning was appointed co-Director for
Modification in 1969 and is responsible for the redesign and
modification efforts. The present schedule calls for MITR-
II to reach criticality in June 1975.
The breadth of research in the Department has been
expanded considerably in the past 18 months. Details of all
research, both new and continuing, are given in Section 3.
Below are listed only new projects with their sponsor and
faculty participants.
(1) Reactor Transient Analysis Code-- Electric Power
Research Institute - Professors M.W. Golay,
K.F. Hansen, A.F.Henry, and N.E. Todreas.
(2) Arms Control - Ford Foundation - Professor N.C.
Rasmussen.
(3) Fusion Technology - U.S. AEC - Professors A.L.
Bement, M.W. Golay, L.M. Lidsky, P.A. Politzer,
D.J. Rose, and N.E. Todreas.
(4) Plutonium Recycle in PWR Cores - Yankee Atomic
Power Company - Professor D.D. Lanning.
(5) Nuclear Reactor Materials - General Electric
Company - Professor A.L. Bement.
(6) Small Brayton Cycle HTGR - U.S. Army -
Professors M.W. Driscoll, M.W. Golay, D.D.
Lanning.
(7) Computer Simulation Studies - U.S. Army -
Professor S. Yip.
(8) Plume Disposal - U.S. AEC - Professor M.W. Golay.
(9) Accident Probability Analysis - General Atomic
Company - Professor D.D. Lanning.
(10) Health Implications of Energy Technology - NSF -
Professor D.J. Rose.
(11) Reactor Physics Constants - Electric Power Research
Institute - Professor A.F. Henry.
(12) Light-Water Reactor Transients - M.I.T. Energy
Laboratory - Professor K.F. Hansen.
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(13) Fuel Performance Analysis - M.I.T. Energy Lab-
oratory - Professor A.L. Bement.
(14) Thermal/Hydraulic Core Performance Analysis -
M.I.T. Energy Laboratory - Professor N.E. Todreas.
(15) Biomedical Facilities Support - N.I.H. - Pro-
fessor G. L. Brownell.
(16) Neutron Generator for Angiography - N.I.H. -
Professor D.D. Lanning.
(17) Metabolism and Digestive Studies - National
Arthritis Institute - Professor G.L. Brownell.
In addition to these new projects, a number of con-
tinuing programs have also been carried out at an active
level. Professors Henry and Hansen have continued work
sponsored by the USAEC on numerical methods for analysis of
reactor transients. Professor Henry has also directed work
sponsored by the Combustion Engineering Company on light-
water reactor theory. Professor Driscoll continues to lead
an AEC-sponsored project on fast-reactor blanket analysis
and experimentation. Professors Benedict and Mason have
been directing research on the nuclear fuel cycle, particularly
the economics, planning, and analysis of fuel management
methods. The work has been sponsored by Commonwealth Edison
Company and American Electric Power Company. Professors Yip
and Chen have directed a program of experimental studies on
neutron scattering on hydrogen-bonded solids with sponsorship
of the National Science Foundation. In addition, Professor
Yip has begun further studies of molecular dynamics of
solids and chemically reacting systems. Professor Bement
has been working on nuclear materials research, including
deformation and fracture behavior of zirconium alloys, as
well as critical materials problem for advanced high temperature
gas-cooled reactors. Professor Golay has been working on a
series of problems relating to engineering effects of nuclear
power, and include such topics as cooling tower drift modeling
and elimination, coupled thermal-electrical systems, and
thermal-hydraulic modeling. Professor Todreas continued
research on thermal analysis in the areas of coolant energy
mixing in rod bundles, numerical simulation of convective
heat transfer, thermal design of fusion reactor systems, and
the treatment of uncertainties in reactor thermal analysis.
The work is supported by the USAEC as well as the General
Atomic Company. Professor Gyftopoulos continues working on
thermodynamics in collaboration with Dr. George Hatsopoulos.
Much of the work was used in developing a new approach to
the teaching of the basic engineering principles subject in
the Department. Professor Gyftopoulos and his students have
also been working on the application of Markovian theory to
reliability and availability analysis. Professor Kaplan has
continued research in the area of history of atomic theory
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and the general subject of history and technology. Professor
Kaplan has also been a member of the Undergraduate Experimental
Education Program, "Concourse".
The increased interest in thermonuclear power has been
reflected in the research activities of Professors Lidsky
and Politzer regarding plasma experimemtation and diagnostics.
Professor Lidsky has also continued to serve as a member of
the Advisory Committee to the Alcator Experiment. Professors
Sigmar and Thomas H. Dupree have continued work in the area
of Plasma theory and dynamics.
Financial support for the Department's students has in-
creased by virtue to the new research volume. For the fall
semester of 1974 we had approximately 50 research assistants.
We has also been fortunate to receive Fellowship support
from the General Electric Foundation, the Babcock & Wilcox
Company, and Northeast Utilities. The U.S. AEC has continued
its traineeship program at the level of 6 trainees. In
addition, the Boston Edison Company has agreed to establishing
a cooperative program in the present academic year. The
program will offer financial assistance and practical experience
to two students each year.
Members of the faculty have received several honors in
the past year. Professor Benedict was awarded the John
Fritz medal and certificate for 1975, which is the highest
honor the organized engineering professions can bestow for
"Notable Scientific or Industrial Achievement". Professor
Henry was awarded the Outstanding Teacher Award by the
American Nuclear Society student chapter as MIT. Professor
Chen was promoted to the position of Professor in 1974.
The Faculty of the Department has been very active in
service to the Institute and to the nation. Professor
Gyftopoulos served as Chairman of the MIT faculty of the
past year and continues to serve for the present year.
Professor Henry has been a member of the Committee of Educational
Policy and the Department representative to the Committee of
Graduate School Policy. Professors Bement, Mason, Rose, and
Golay have served on various advisory committees to the
Energy Laboratory. Professor Golay has also been a member
of the IAP Policy Committee.
Professor Mason served as vice-chairman of the U.S. AEC
Advisory Committee of Reactor Safeguards. Professor Henry
continues to serve of the U.S. AEC Advisory Committee of
Reactor Physics. Professor Rasmussen has continues his work
as director of a special study on light-water reactor safety.
The study is now complete and a draft report is being reviewed
throughout the nuclear community. Professor Rasmussen has
become recognized in the world as a leader of reactor safety
as a result of this work. Professor Bement served as member
of an IAEA advisory committee to the Mexican Institute of
12
Nuclear Energy. Professor Rose served as co-chairman of an
international workshop on fusion reactor design. Professors
Mason and Hansen serve as members of the Board of Directors
of the American Nuclear Society. Professors Yip and Chen
were invited by the National Science Council and the Nat-
ional Tsing Hua University of the Republic of China to visit
Taiwan and assist local planning on nuclear energy programs.
During the 1973/74 year we were fortunate to have Prof-
essor Jack Scarborough as Visiting Professor. Professor
Scarborough contributed much to work in nuclear economics
and general advice on the Department's programs in management,
fuel cycle analysis, and power economics. Professors Brownell
and Lidsky were on sabbatical leave for part of the 73-74
year. Professor Brownell continued research in nuclear
medicine and related topics, while Professor Lidsky worked
on problems of plasma chemistry and fusion technology.
The Department was fortunate to obtain the services of
Dr. Peter A. Politzer as Assistant Professor of Nuclear
Engineering. Dr. Politzer is working closely with Professor
Lidsky and other members of the fusion area in experimental
plasma physics and fusion technology. In addition, Dr.
Dieter J. Sigmar accepted a joint appointment with the
Nuclear Engineering Department and the Aeronautics and
Astronautics Department. Professor Sigmar is a specialist
in plasma theory, and greatly strengthens our academic
program in this area. Dr. Lothar Wolfe of the Technical
University of Berlin has joined us for approximately one
year as a Visiting Assistant Professor. Dr. Wolf will assist
the Department in the fission reactor engineering area and
has agreed to help teach the introductory subjects in reactor
engineering.
In December 1974, Professor Edward A. Mason was nomi-
nated and confirmed to an appointment as a Commissioner of
the new federal Nuclear Regulatory Commission. He resigned
as Head of the Department and has been granted a leave of
absence from the MIT faculty for two and a half years to
serve on the NRC. Professor Kent F. Hansen has been
appointed as Acting Head of the Department.
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3. RESEARCH AND EDUCATIONAL ACTIVITIES
3.1 Reactor Physics
Reactor physics is concerned with the space, time and
energy behavior of neutrons and neutron-induced reactions in
nuclear reactors. While the numerical results differ from
application to application, as, say, between thermal and
fast reactors, many of the experimental and calculational
techniques used to study and define neutron and reaction
behavior are basically similar. Furthermore, reactor
physics and reactor engineering are closely interrelated.
Consequently, there is considerable overlap between the work
described in the following sections.
3.1.1 Subjects of Instruction
The basic subjects of instruction in reactor physics
are offered in a three semester sequence:
22.211, Nuclear Reactor Physics I, which is an intro-
duction to problems of fission reactor physics covering
nuclear reactions induced by neutrons, nuclear fission,
slowing down of neutrons in infinite media, diffusion
theory, the few group approximation, and point kinetics.
Emphasis is placed on the nuclear physical bases of reactor
design and their relation to reactor engineering problems.
22.212, Nuclear Reactor Physics II, which deals with
problems relating to the operation of nuclear reactors at
power including few group and multigroup theory, hetero-
geneous reactors, control rods, poisons, depletion phe-
nomena, and elementary neutron kinetics. Attention is
directed to the application of reactor theory to actual
reactor systems.
22.213, Nuclear Reactor Physics III, which considers
current methods for predicting neutron behavior in complex
geometrical and material configurations, the transport
equation and methods for solving it, systematic derivation
of group diffusion theory, and homogenization, synthesis,
finite element and response matrix techniques applied to
reactor analysis.
Most students in the Department take at least the first
two courses, and those whose special interests lie in the
general area of nuclear reactor physics also take 22.213.
22.22, Nuclear Reactor Kinetics, deals with the dynamic
behavior of neutrons in a reactor. Point kinetic formal-
isms, the physical significance of parameters appearing in
14
point kinetics equations and analysis of methods for mea-
suring ratios of these parameters are discussed. Also
covered are methods for analyzing the dynamic behavior of
neutrons when time and space are not separable: the direct
finite space time difference approach, nodal methods, the
application of orthogonal and non-orthogonal nodes, flux
synthesis schemes, and problems in analysis of spatial xenon
transients and reactor power transients involving feedback.
22.29, Nuclear Measurements Laboratory, covers the
experimental aspects of nuclear reactor physics and deals
with the principles underlying instrumental methods for
detection and energy determination of gamma rays, neutrons
and charged particles. A number of laboratory experiments
deal with various types of detectors, nuclear electronics,
subcritical assembly measurements, gamma attenuation and
pulse neutron techniques.
22.35, Nuclear Fuel Management, serves to bring to-
gether those aspects of nuclear reactor physics, engineering
and numerical methods of solution which are required to
characterize the space-time history of nuclear fuel and the
effects on fuel cost.
22.41, Mathematical Methods of Reactor Analysis,
22.42, Numerical Methods of Reactor Analysis, and 22.43,
Advanced Methods of Reactor Analysis, are three subjects in
numerical and mathematical methods which all deal with ana-
lytic and numerical methods useful in solving problems in
reactor physics.
3.1.2 Reactor Theory
Much of the theoretical work on reactor physics carried
out in the Department applies equally well to fast and to
thermal reactors. This is true of the kinetics activities
in Section 3.1.5. Another area being developed at present
for thermal reactors but potentially applicable to fast sys-
tems is that of nuclear fuel management. Activities in this
area are discussed in Section 3.2.4. Work on the purely
thermal reactor problem of fuel element design for plutonium
recycle studies is reported in Section 3.2.5.
Certain investigations, which when completed will be
applicable to both fast and thermal reactors are being dev-
eloped and tested first for thermal reactors since a thermal
reactor offers more of a challenge to the approximation
being investigated and since meaningful testing can then be
done more cheaply using only a one or two energy group mo-
del. Studies of this nature include:
a) An investigation of systematic methods for deter-
mining equivalent homogeneous few group dif-
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fusion theory parameters: It has been found that
the standard flux weighting procedure can
lead to significant errors in the values of
the homogenized parameters, and the effects
that such errors have on predictions of both
static and dynamic reactor behavior are being
investigated. An alternative method based
on finding parameters that match the response
matrices for the region. being homogenized is
currently under investigation.
b) The response matrix technique of predicting
reactor criticality and flux distributions: This
procedure treats as unknowns the partial neutron
currents on the surfaces of fuel subassemblies of
clusters. These currents are connected by pre-
determined coupling matrices that reflect the
effects of.local heterogeneous regions within the
cluster, and this connection leads to a criti-
cality condition. The scheme is thus an alternate
approach to representing a heterogeneous region
by use of equivalent homogenized parameters. A
two-group, two-dimensional code for testing the
accuracy of the response technique has been writ-
ten, and comparisons with the results of detailed
finite difference solutions for PWR type reactors
have been very encouraging. Methods for extending
the method to do depletion problems are now being
examined.
c) Cell stitching techniques: For situations in
which the use of homogenized diffusion theory
parameters may lead to erroneous predictions
of power shape and criticality a "cell stitching"
procedure is being developed. The basic idea
of the method is to represent the overall,
detailed flux shape throughout a reactor as a
series of cell solutions for the subassemblies
or clusters (wherein control rods, poison lumps
and structural regions are represented explicitly)
joined together by a smoothly varying, finite
element type of flux shape. A computer program
embodying the technique for a two-dimensional,
two-group model has been completed and is now
being used to evaluate the scheme.
d) Collocation Methods: The matrix equations that
result from application of the finite element
method are obtained by requiring flux shapes
expressed in terms of the element functions to
obey the continuous space diffusion equations in
an integral sense when weighted by the element
functions themselves. The unknowns in these
matrix equations are as a result more coupled to
one another than those appearing when the stan-
dard finite difference technique is applied.
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If the flux, expanded in element functions,
is required to obey the defining equations only
at particular points (rather than in an element-
weighted integral sense) simpler matrix equations
result. We are examining this variant of the
finite element method to evaluate its relative
accuracy and speed.
e) Albedo Boundary Conditions: The explicit
representation of the reflector adds considerably
to the cost of solving group diffusion equations
by either a finite difference or a finite element
technique. The possibility of replacing the
reflector by a boundary condition at the co-
reflector interface is being investigated.
All of these developments are aimed at increasing the
speed and accuracy with which predictions of neutron be-
havior within a reactor can be made. They will thus be
applicable to standard design studies and (because of their
greater speed) of considerable use for fuel management
analysis. The long-range aim of the studies, however, is
for application to space dependent kinetics problems. Here
the long running time of the standard finite difference
technique makes it almost mandatory that more efficient
methods for solving the group diffusion equations be found.
Investigators: Professor K.F. Hansen, A.F. Henry; Messrs.
P. Kalambokas, Y. Lukic, J. Mason, B. Worley, S. Yang.
Support: USAEC (approximately $40,000/year; subcontract
Combustion Engineering approximately $14,000; subcontract
with EPRI approximately $20,00/year).
Related Academic Subjects
22.211 Nuclear Reactor Physics I
22.212 Nuclear Reactor Physics II
22.213 Nuclear Reactor Kinetics
22.41 Mathematical Methods of Reactor Analysis
22.42 Numerical Methods of Reactor Analysis
22.43 Advanced Methods of Reactor Analysis
Recent References
L.O. Deppe, K. F. Hansen, "The Finite Element Method Applied
to Neutron Diffusion Problems," COO-2262-1, MITNE-145,
February 1973.
T. Yarman, "The Reactivity and Transient Analysis of MITR-
II", PhD Thesis, Department of Nuclear Engineering, MIT,
August 1972.
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A.F. Henry, "Refinements in Accuracy of Coarse Mesh Finite
Difference Solution of the Group Diffusion Equations," IAEA-
SM-154/21, January 1972.
See also Section 3.1.5.
3.1.3 Experimental Fast Reactor Physics
Research into the neutronics of the blanket region of
fast breeder reactors has been underway at the MITR for over
six years now. The primary tool in this work is the Blanket
Test Facility, which is constructed around a special conver-
ter assembly designed to create a leakage spectrum simulating
core leakage from a large LMFBR. This facility has been
used to irradiate mockups of the blanket and reflector
regions of fast breeder reactors under an AEC sponsored
research program.
The work involves extensive use of foil activation
techniques to obtain data for comparison with state-of-the-
art calculations. A major emphasis has been upon experimental
verification of the breeding performance of LMFBR blankets.
More recently work has been focused on gamma transport and
energy deposition in blanket materials, including both
experimental measurements and numerical calculations.
A parallel effort in the area of fuel cycle and eco-
nomic analysis has been carried out to evaluate advanced
blanket designs (see Section 3.1.4).
The blanket research program is in the final year of
its second three-year AEC contract.
Investigators: Professors M.J. Driscoll, D.D. Lanning, I.
Kaplan; Engineering Assistant A.T. Supple; Computer Opera-
tions Assistant V.A. Miethe; Students G. Brown, J. Chan, T.
Choong, G. Ducat, 0. Kadiroglu, M. Kalra, R. Masterson, R.
Morneau, P. Scheinert, J. Shin, A. Tagishi, S. Wu, M. Yeung.
Support: USAEC (approximately $160,000 in FY 1975)
Related Academic Subjects:
22.211, 22.212, 22.213 Nuclear Reactor Physics
22.29 Nuclear Measurements Laboratory
22.35 Nuclear Fuel Management
22.51 Interaction of Radiation with Matter
Recent References
M.J. Driscoll, et. al, "LMFBR Blanket Physics Progress
Report No. 4," AEC report COO-2250-3, MITNE-149 (1973).
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P.J. Wood, et al., "Assessment of Thorium Blankets for Fast
Breeder Reactors," PhD Thesis, MIT Nuclear Engineering
Department, also AEC report COO-2250-2, MITNE-148, July
1973.
G.A. Ducat, et al., "Evaluation of the Parfait Blanket
Concept for Fast Breeder Reactors," PhD Thesis, MIT Nuclear
Engineering Department, also AEC report COO-2250-5, MITNE-
157, January 1974.
G.J. Brown, et al., "Evaluation of High Performance LMFBR
Blanket Configurations," PhD Thesis, MIT Nuclear Engineering
Department, also AEC report COO-2250-4, MITNE-150, May 1974.
P.A. Scheinert, "Gamma Heating Measurements in Fast Breeder
Reactor Blankets," COO-2250-10, MITNE-164, August 1974.
T.P. Choong, "Fast Neutron Spectrometry in an LMFBR Blanket
Reflection," SM Thesis, MIT Nuclear Engineering Department,
August 1973.
R.J. Kennerly, "Proton-Recoil Neutron Spectrometry in a Fast
Reactor Blanket," SM Thesis, MIT Nuclear Engineering Depart-
ment, August 1973.
J.K. Chan, "A Foil Method for Neutron Spectrometry in Fast
Reactors," SM Thesis, MIT Nuclear Engineering Department,
January 1974.
R.E. Masterson, "The Application of Perturbation Theory and
Variational Principles to Fast Reactor Fuel Management," SM
Thesis, MIT Nuclear Engineering Department, September 1974.
M.K. Yeung, "A Foil-Stack Method for Epithermal Neutron
Spectrometry," SM Thesis, MIT Nuclear Engineering Depart-
ment, December 1974.
3.1.4 Fast Reactor Analysis
A considerable amount of analytical and numerical work
related to fast reactors has been carried out under the
blanket research program described in the preceding section.
Most of this has involved application of burnup and economic
programs to a variety of advanced blanket configurations.
Some particular results of interest have been the demon-
stration that: graphite is a preferred reflector material
for breeder reactor blankets; a totally-enclosed internal
blanket substantially improves breeder reactor performance;
in power-flattened cores the individual radial blanket
assemblies in a given row produce an amount of plutonium per
assembly which is independent of core radius; and thorium
blankets substantially improve the overall economic per-
formance of fast breeder reactors.
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Investigators: Same as in 3.1.3 above.
Support: Partly from the AEC under the project described in
the preceding section.
Related Academic Subjects
Those in 3.1.3 above, plus
22.34 Economics of Nuclear Power
22.41 Mathematical Methods of Reactor Analysis
22.42 Numerical Methods of Reactor Analysis
22.43 Advanced Methods of Reactor Analysis
Recent References
See Section 3.1.3 above.
3.1.5 Reactor Kinetics
The Department has been carrying our research in the
area of reactor kinetics for several years. The types of
transients being considered include fast transients, as
needed for safety analysis, as well as slow transients, such
as depletion effects and xenon oscillations. The physical
model considered has been. the multigroup diffusion theory
model with space dependence of varying complexity. Non-
linear effects have been incorporated in the studies for
depletion and xenon oscillations.
The physical complexity of the problems is such that
numerical methods are needed to obtain solutions, and much
of the effort of the projects has been in developing ac-
curate computer methods which run rapidly on large scien-
tific computers.
In the area of reactor transient analysis methods, we
have been developing a sequence of multidimensional, multi-
group finite difference codes. Several such codes have been
generated in 1, 2, and 3 dimensional versions. The methods
are based upon use of matrix splitting methods in either an
implicit or explicit form. A nonlinear transfor-mation,
called a frequency transformation, has been developed which
yields a sizable improvement in temporal truncation error.
A splitting scheme, known as the checker-board method, has
been under active investigation this past year.
Alternative methods for the spatial representation are
being studied with the objective of reducing computing time
by reducing the number of spatial unknowns. Particular ap-
proaches being investigated include the Finite Element
Method, and the Response Matrix Method.
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Research on problems in nuclear depletion has concen-
trated upon representing the problem in a true space-time
dependent representation, rather than a sequence of static
calculations as is conventionally done. Initial work was
directed toward representation of nonlinear effects and
control poison effects in a one-dimensional situation. The
results were quite favorable and work is now continuing on
three-dimensional represnetations. In view of the magnitude
of such problems a form of spatial synthesis is being used,
along with the time dependent methods developed earlier.
We have also begun an investigation of carrying out
depletion computations using the detailed, space dependent
fluxes generated by finite element methods. By also expres-
sing concentrations of depletable materials in terms of
finite elements it is hoped that greater accuracy in the
detailed power distribution during depletion can be ob-
tained.
Problems in xenon oscillations are also being studied
as true time dependent problems. Again, in view of the
magnitude of the problem a form of spatial synthesis will be
used for the spatial flux solution.
Investigators: Professors K.F. Hansen and A.F. Henry.
Messrs. C. Almeida, A. Alvim, A. Barroso, D. Botelho, R.
Chin, J. Hendricks, F. Kautz, L. Lederman, M. Todosow,
T. Wei.
Support: USAEC (approximately $60,000/year). Combustion
Engineering (approximately $2,000/year).
Related Academic Subjects
22.211, 22.212, 22.213 Nuclear Reactor Physics I, II, III
22.22 Nuclear Reactor Kinetics
22.41 Mathematical Methods of Reactor Analysis
22.42 Numerical Methods of Reactor Analysis
22.43 Advanced Methods of Reactor Analysis
Recent References
Patrick G. Bailey and A.F. Henry, "Variational Derivation of
Modal-Nodal Finite Difference Equations in Spatial Reactor
Physics", PhD Thesis, MIT Nuclear Engineering Department,
and USAEC Report COO-3052-5, (July 1972).
J.C. Turnage and A.F. Henry, "A New Approach to Solving the
Multinode Kinetics Equations", PHD Thesis, MIT Nuclear
Engineering Department, and USAEC Report COO-3052-2, (March
1972).
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D.R. Ferguson and K.F. Hansen, "Solutions of the Space
Dependent Reactor Kinetics Equations in Three Dimensions",
Nuc. Sci. Eng., 51, 189-205 (1973).
C.M. Kang and K.F. Hansen, "Finite Element Methods for
Reactor Analysis", Nuc. Sci. and Eng. 51, 456-495 (1973).
R. Schaeffer, Jr., "True Time Dependent Approaches for
Computing Xenon Spatial Oscillation", PhD Theses, MIT Nuclear
Engineering Department (October 1973).
K.F. Hansen, "Direct Methods for Multidimensional Kinetics
Problems", Trans. Amer. Nuc. Soc. 16, 291-292, (June 1973).
Jules C. Jacquin and K.F. Hansen, "Finite Element Solutions
for Multiregion Problems", Trans. Amer. Nuc. Soc. 17, 238-
239, (Nov. 1973).
L.O. Deppe and K.F. Hansen, "Application of the Finite
Element Method to Two-Dimensional Diffusion Problems", Nuc.
Sci. Eng., 54, 456-465 (1974).
3.1.6 Reactor Physics Constants for Safety Analysis
The accurate description of reactor transients requires
that physical models of material properties be represented
with great precision. The geometric details of a light-
water reactor core are very complex, and it is customary to
try to simplify the representation by use of a homogeniza-
tion procedure. Such procedures are highly developed for
use in analysis of static reactor properties, e.g. reactor
criticality. It is less clear how time dependent, homo-
genized properties should be represented. In particular,
control rod motion will affect properties through the direct
change in absorber concentration and indirectly through
spectrum changes. If the indirect effects are large then a
calculation of a reactor transient will be quite complex
since all of the properties in a region are time varying,
not just the absorption.
The objective of this research project is to investi-
gate the sensitivity of transient solutions to the reactor
physics model for control rod motion. A variety of space
dependent transients, in one dimension, will be studied for
systems similar in composition to contemporary PWR's. The
best solutions will incorporate all the effects of rod
motion on physics constants. These results will then be
compared with results obtained based upon representing rod
motion as a simple change in absorber density. A further
study will examine the effect of representing rod position
explicitly in space, a complicated computer problem, or as
an average density over a large spatial region.
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Investigators: Prof. K.F. Hansen, Mr. J. Olmos.
Support: MIT Energy Laboratory Electric Power Program
(approximately $20,000/year).
3.1.7 Reactor Safety Codes
The analysis of transients in nuclear reactors is very
complex and requires the use of very sophisticated computer
codes to describe the sequence of events. The simulation of
a transient is usually done with programs that represent the
reactor core, the primary coolant system, the secondary
system, and various safety systems. The core simulation is
needed to describe the energy production during the course
of a transient. It is not possible to incorporate all the
details of the energy production in the core along with the
details of the behavior of the system external to the core.
The current state-of-the-art is to use a very conservative
estimate of the time dependent power shape in the core when
the overall system dynamics are modeled.
We have recently begun research to produce a large-
scale computer program to provide detailed, space-time
dependent core power distributions incorporating the effects
of thermal-hydraulic feedback, control rod motion, and
delayed neutrons. The model used is a two-group diffusion
theory model with regionwise homogeneous properties. The
code will treat the full three-dimensional core geometry
using a finite diference representation. The method of
solution for the neutron kinetics is based upon methods
developed at MIT in the reactor kinetics project. An option
to switch the calculation into a synthesis or into a point
kinetics approximation will be included.
The thermal-hydraulic feedback will be accounted for by
the use of cross sections which are explicit functions of
moderator density and temperature, and fuel temperature.
The regionwise homogenization will be done using standard
reactor physics methods typical of light-water reactor
analysis. The dependence of cross sections upon thermal-
hydraulic variables will be calculated in space independent
cases and the appropriate coefficients to represent feedback
effects of temperature and density effects determined.
The coolant state as a function of position and time
will be calculated from known inlet conditions, and from
calculated spatial power distributions. The results of the
calculation will be a three-dimensional, time dependent
power distribution for any selected reactor transient. The
results will be used to tpovide accurate input to detailed
subassembly codes to calculate peak clad and pellet tempera-
tures.
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Investigators: Profs. M. Golay, K.F. Hansen, A.F. Henry,
N.E. Todreas. Dr. J.W. Stewart. Messrs. R. Bowring, J.
Bartzis, R. Shober, R. Sims.
Support: EPRI (approximately $230,000/year).
Related Academic Subjects
22.213 Nuclear Reactor Physics III
22.22 Nuclear Reactor Kinetics
22.313 Advanced Engineering of Nuclear Reactors
22.36 Two-phase Flow and Boiling Heat Transfer
22.42 Numerical Methods of Reactor Analysis
22.43 Advanced Methods of Reactor Analysis
3.2 Reactor Engineering
Because of the important and expanding role of nuclear
power reactors in central station electric power generation,
the Department gives major attention to teaching and research
in a broad spectrum of reactor engineering fields, including
reactor thermal analysis, power reactor safety, nuclear
reactor and energy system design, nuclear fuel and power
system management, fuel designs for plutonium recycle and
reactor dynamics.
3.2.1 Subjects of I.nstruction
A total of thirteen subjects of instruction are offered
under the category of reactor engineering by the Department,
including a new subject 22.314 Structural Mechanics in
Nuclear Power Technology. This subject was offered by
Professor Thomas Jaeger, Visiting Professor during the Fall,
1974, who is the Director of the Division of Strength of
Structures and Professor at the German Federal Insitutute
for Materials Testing in Berlin. The following paragraphs
present a description of all of the subjects in reactor
engineering.
22.03, Engineering of Nuclear Power Reactor Systems, an
undergraduate offering for students interested in a minor
program in Nuclear Engineering. It applies engineering
fundamentals to analyze the system design of current U.S.
central station power reactors. Topics covered include: the
elementary economic aspects of electric power generation;
heat generation, transfer, and transport; radiaton pro-
tection and safety analysis.
22.311, Engineering Principles for Nuclear Engineers,
is intended primarily for students who did their under-
graduate work in physics or other fields which did not
provide much instruction in engineering principles. Topics
dealt with include fundamentals of engineering thermodynamics,
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transport phenomena and structural mechanics, with examples
of applications to nuclear power systems.
22.312, Engineering of Nuclear Reactors, is the central
subject in the power reactor engineering course by students
who have had undergraduate work in engineering principles.
It deals with power plant thermodynamics and energy conver-
sion; energy production and distribution in power reactors;
flow of incompressible and two-phase fluids; heat transfer
by conduction, convection and boiling applied to nuclear
systems; and mechanical design and analysis.
22.313, Advanced Engineering of Nuclear Reactors, is
intended for students specializing in reactor engineering.
Emphasis is placed on analytic techniques for steady state
and accident analysis on central station and advanced power
reactors. Topics treated include thermal design methods,
core reliability analysis, engineering analysis of tran-
sients and loss-of-coolant accident, liquid metal heat
transfer and fluid flow, and mechanical design and analysis.
22.314, Structural Mechanics in Nuclear Power Technology.
The format of the subject offering was unique in that there
was one main series of lectures and two complimentary series
of tutorial lectures in order to accommodate varying student
backgrounds and interests. The main series of lectures was
presented by Dr. Thomas A. Jaeger, -Visiting Professor of
Nuclear Engineering, and covered components and structures
in nuclear power plant systems including: their functiunal
purposes; mechanical, thermal and radiation operating
conditions; design requirements; reliability and safety
criteria. Other topics include unique problems in the
analysis of stress and strain, deformation, stability,
shakedown and limit load of typical power reactor components
and structural systems under operational and accidental
internal loading conditions and for external conditions such
as seismic accelerations and ship motion, and failure experience
and reliability analysis of mechanical components of nuclear
power reactors.
One of the tutorial series of lectures covered the
Fundamentals of Structural Mechanics and was given promarily
by Dr. Jerome J. Connor, Jr., Professor of Civil Engineering.
This subject established foundations in the mechanics of
continuous media with special emphasis on thermomechanical
conditions and mechanical behavior of materials under
mechanical loading and elevated temperatures. A second
series of tutorial lectures provided an introduction to
nuclear power engineering and nuclear reactor physics and
was presented by several faculty from the Department of
Nuclear Engineering. The basic physics of fission and
neutron diffusion was discussed. Various nuclear reactor
systems for light-water reactors, high-temperature gas-
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cooled reactors, and fast breeder reactors were described as
well as the nature of heat transfer and hydraulics in
nuclear reactors. These lectures are designed for students
whose background in nuclear reactor systems needed strengthening.
22.32, Nuclear Power Reactors, is a survey of engi-
neering and physics aspects of current nuclear power re-
actors. Design details are discussed including requirements
for safety of light and heavy water reactors, high tem-
perature gas-cooled reactors, fast reactors both liquid-
metal and gas-cooled and the thermal breeder reactors.
Reactor characteristics are compared both in class and by
individual student projects. Development problems are
discussed and potentials for future improvements are as-
sessed.
22.33, Nuclear Reactor Design, a project-oriented sub-
ject for second-year graduate students in which they carry
our a fairly complete system design and analysis of a
specific nuclear power plant. By this means the students
are given the opportunity to assemble what they have learned
elsewhere about reactor physics, engineering principles,
properties of materials and economics to accomplish desired
objectives. The necessity for making trade-off decisions
among con-flicting requirements is stressed. During the
past two years a particularly strong element of realism has
been achieved by integrating the class project with contract
research to develop a conceptual design for a small HTGR/Brayton
cycle plant to be used in a total energy system for military
base applications.
22.34, Economics of Nuclear Power, first presents the
principles of engineering economics, including current and
capitilized costs, depreciation, treatment of income taxes,
rates of return and the time value of money. The structure
of the electric power industry is described briefly, and the
roles appropriate to conventional thermal generating sta-
tions, hydro-electric and pumped storage installations and
nuclear power plants are taken up. The capital, operating
and fuel cost information on different reactor types is
presented. Uranium and plutonium requirements of converter
and breeder reactors are described in relation to uranium
resources. The economics of uranium enrichment and other
steps in the nuclear fuel cycle are treated. Likely growth
patterns for the nuclear power industry are developed.
22.35, Nuclear Fuel Management, is a subject developed
to prepare students for work in the area of nuclear fuel
economics and management. The subject deals with the
physical methods and computer codes which have been devel-
oped for predicting changes in isotopic concentrations
during irradiation of nuclear fuels. In addition, the
26
important topics of reactivity changes, power density -
distribution changes, and constraints are also considered.
Additional topics discussed in the subject include problems
of utility power system management for systems containing
nuclear plants, optimization methods, and economic factors
in nuclear fuel management.
22.36J, Two-Phase Flow and Boiling Heat Transfer, is a
specialized course in the power reactor engineering curric-
ulum offered in conjuction with the Mechanical Engineering
Department. Topics treated include phase change in bulk
stagnant systems, kinematics and dynamics of adiabatic two-
phase flow, with boiling and/or evaporation, thermal and
hydrodynamic stability of two-phase flows and associated
topics such as condensation and atomization. Both water and
liquid metal applications are considered under each topic
where data exists.
22.37, Environmental Impact of Nuclear Power, deals
with the assessment of the effects of modern nuclear power
plants, including radioactive pollution, and radioactive
waste disposal. Special attention is paid to reactor safety
and the risks to society of nuclear accidents. Possible
future improvements are considered and comparisons are made
with other power generation methods.
22.38, Current Development in Nuclear Energy, is a new
subject offered in seminar form which will deal with current
topics in nuclear reactor design, licensing, construction,
operation, performance and safety and the role of nuclear
processes in providing energy. This subject will provide
advanced graduate students with an opportunity to learn
about the significant advances and problems in nuclear
energy as they develop.
22.39, Nuclear Reactor Operations and Safety, deals
with the principles of operating power and research reactors
in a safe and effective manner. Practical experience is
provided through demonstrations and experiments with the MIT
Reactor. Other topics taken up include operating experience
with power reactors; control and instrumentation; criti-
cality and startup considerations; and, refueling. All
topics are combined with reactor safety. Past accident
experience is discussed with emphasis on safety lessons
learned. The reactor licensing procedures are reviewed with
consideration of safety analysis reports, technical speci-
fications and other AEC licensing regulations.
22.83, Reliability Analysis Methods, is a new subject
being presented for the first time in the Spring of 1975.
The subject will include a discussion of analytic methods
for reliability analysis such as fault tree and decision
27
tree methods. Procedures for creation of particular
reliability block diagrams for physical systems will be
considered. Applications to safety analyses of light water
reactor systems will be incorporated into the syllabus.
In addition to regular courses, the Department has
offered each year for the past eight years special summer
programs 22.94s-22.96s, Nuclear Power Reactor Safety. The
programs are concerned with safety aspects of both thermal
and fast power reactors and take up such topics as reactor
materials, reactor core characteristics, reactor transients,
heat removal under normal and emergency conditions,
reactor containment, fission product release, waste dis-
posal, safety analysis, and the licensing procedure.
Lectures are given by authorities from universities,
the national laboratories, equipment manufacturers, and
the AEC Division of Licensing and Regulation. Individuals
from many electric power companies, industrial concerns,
universities and government agencies, both U.S. and foreign,
participate in these programs. The variety of topics
discussed and points of view represented provide an excel-
lent opportunity for advancing understanding of the goals of
reactor safety and are a useful contribution to the develop-
ment of nuclear power. These summer programs are under
the direction of Professors Rasmussen and Bement.
A special summer program 22.98s Nuclear Fuel and Power
Management is also offered by the Department. The program
presents a summary of the technical and economic aspects of
all steps in the nuclear fuel cycle. In addition, engineering
factors such as behavior of materials, radioactive waste
disposal, and environmental effects of the nuclear fuel
cycle are considered. Techniques and results for the
analysis of in-core fuel management of light water reactors
are considered in great detail. In addition to class dis-
cussions, there are workshops for participant to learn to
use the present generation nuclear codes. Matters per-
taining to power systems management are also considered,
along with models and methods for the analysis of such
systems. The program is under the direction of Professor
Hansen. Scientists, engineers, and managers from electric
utilities, reactor vendors, government agencies, and uni-
versities have participated in the fuel and power system
management program.
In the summer of 1975 a new special summer program
22.90s-22.91s, Structural Mechanics in Nuclear Power Tech-
nology will be offered. The program will be offered in two
parts. The first week stressing fundamentals of structural
mechanics and the reactor environment. The second week
focusing on state-of-the-art techniques. This program will
be conducted by Professors T. Jaeger and N. Todreas.
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3.2.2 Reactor Thermal Analysis
The Department's program in reactor thermal analysis is
focused on research in the following areas:
1) coolant and energy mixing in rod bundles
2) fluid dynamic modeling of forced-buoyant flows in
reactor vessel plenums
3) treatment of uncertainties in reactor thermal
analysis
4) thermal design of fusion reactor blankets.
1) Coolant and Energy Mixing in Rod Bundles
A) An experimental and analytical program has been
continued under USAEC sponsorship on investigation of
coolant and energy mixing in fast reactor rod bundles.
Significant contributions to understanding performance of
fuel, blanket and poison rod bundles are possible through
detailed theoretical and experimental study of flow struc-
ture and energy transfer in rod arrays. The elements of
this program are:
(1) Analysis and experimental water testing in wire-
wrapped 61 pin hexagonal bundles to determine
gross mixing between subchannels by salt tracer
methods and peripheral subchannel velocities by a
laser Doppler velocimeter system. This laser
system is used to make pointwise fluid velocity
measurements by scattering light from microscopic
particles added to the fluid passing through the
bundle. Experimental measurements in both areas
have been conducted. The experiments to date
using salt tracers were conducted to guide the
design of instrumentation systems which would be
utilized in testing of typical LMFBR fuel and
blanket rod arrays. Laser measurements have been
made in the edge subchannel of 61 wire-wrapped
fuel pin bundles with 12-inch and 6-inch axial
wire pitch. These experiments were performed in
water in both the laminar and turbulent flow
regimes. For the 12-inch pitch case, the axial
velocity seems to have developed fully within the
2nd axial pitch while the transverse velocity
still appears to be developing in the 2nd pitch.
The average transverse gap velocity was found to
be about 13% of the bundle average velocity. The
average edge subchannel axial velocity was found
to be 1.04 and 1.19 times the bundle average
velocity for the turbulent and laminar cases
respectively. The experiments were repeated with
a 6-inch axial wire pitch. The axially averaged
transverse gap velocity is 21% and 17% of the
29
bundle average velocity for the turbulent and
laminar flow cases respectively. The average edge
subchannel axial velocity remains about the same
as for the 12-inch pitch case with 1.02 and 1.24
for turbulent and laminar respectively.
An analytic prediction model for coolant tempera-
ture distribution within heated rod bundles is
also being developed. This model will be applicable
to fuel and blanket fuel rod bundles and will
include provisions to account for buoyant effects.
A recent assessment of world experimental data has
been completed to develop values of the free
parameters in the prediction model applicable to
the range of bundle geometries of design interest.
(2) Analysis and experimental water testing in small
test sections representing a simple array of
subchannels. In these test sections wire-wrap or
other means of pin mechanical support is not
simulated. The investigations are aimed at pro-
viding a fundamental understanding of velocity and
temperature fields in subchannels typical of rod
arrays. These experimental investigations will
also make use of tracer techniques and the laser
doppler system.
Analytic efforts have been completed in two areas.
First for the geometry of infinite rod arrays
molecular and turbulent transport phenomena
between subchannels at laminar, transition and
turbulent flow conditions has been predicted.
Results were obtained to enable prediction of the
onset and growth of laminarization in typical
subchannels of square and triangular rod arrays.
These results were further applied to interpret
the classical effects of variations in Reynolds
number, Prandtl number or geometric spacing on
integral exchange parameters as the thermal mixing
flow ratc and mixing length scale. These results
are of significance relative to the explanation of
recent data from tracer type mixing experiments.
Second, for finite bundle geometries, but without
pin supports, momentum mixing coefficients were
evaluated based on the output of the computer code
"VELASCO" which performs the calculation of the
velocity distribution within a fuel rod array. The
results showed that such mixing coefficients vary
with radial position in the bundle and are not
uniform as assumed in most standard calculations.
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B) A thermal-hydraulic study of the Gas Cooled Fast
Breeder Reactor (GCFR) fuel element has been in progress.
This research includes experimental and analytical investigations
of the influence of rod surface roughening and rod spacer
design on the hydraulic behavior of fuel rod arrays typical
of the GCFR fuel elements. The hydraulic experiments are
being made to study interchannel coolant flow, including the
effect of the outer fuel element wrapper, which has a smooth
wall compared to the roughened wall of the fuel rods.
Analytical work is also being done to determine the sensitivity
of various parameters on fuel element hydraulics and to
analyze the experimental data.
2) Fluid Dynamic Modeling of Forced-Buoyant Flow in Reactor
Vessel Plenums
Analytical and experimental work is being pursued with
the goal of improving the understanding of, and models for
behavior of turbulent mixing of buoyant plumes. The specific
problem examined concerns development of models for plume
mixing in the LMFBR outlet plenum. To do this the influence
of different turbulence models upon predicted mixing patterns
are being investigated. These results are to be compared to
measured velocity and temperature fields, and measured
velocity and temperature correlation functions, with the aim
of developing an appropriate turbulence model for use in
design calculations. In a broader sense this work permits an
investigation into the nature of turbulent mixing in buoyant
plumes, which has application in a wide range of practical
problems.
3) Treatment of Uncertainties in Reactor Thermal Analysis
In the thermal design of nuclear reactor cores, the
temperature of certain elements (cooling, clad, fuel center-
line) should not exceed specified limiting values. However,
a certain number of failures could be permitted without
affecting the reactor's safety while still providing for
reliable operation. Two investigations have been made in
this area:
A) In the first the method of correlated temperatures,
developed by Westinghouse for the coolant temperature analysis,
has been modified and expanded to enable analyses of the
clad and fuel centerline temperatures. The modified method
has been applied to analyze the clad and fuel temperature of
the core typical of the FFTF design.
B) The second project has been directed at obtaining a
better understanding of the effects of various uncertainties
in control instruments and in methods of interpretation of
the control data in terms of parameters such as peaking
factors, power distribution and effective flow factors.
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Actual operating data from a PWR has been used in the study.
The uncertainties in the final parameters were evaluated in
terms of uncertainties in the measurements and, also, a
sensitivity analysis was made to study the uncertainty in
peaking factors due to the method that is used to obtain the
peaking factors from the data.
4) Thermal Design of Fusion Reactor Blankets
Work in this area is just being initiated under a
Fusion Technology program under USAEC sponsorship. Asses-
sment of the energy removal systems proposed in the blanket
design of several Tokamak systems has been initiated as well
as the evolution of alternate novel design concepts.
Investigators: Professors N. Todreas, W. Rohsenow*, M.
Golay, K. Johannsen**, B. Mikic*; Messrs. T. Eaton, A.
Hanson, K. Ip, Y. Chen, E. Khan*, W. Kirchner, J. Kelly, P.
Carajilescov, H. Ninokata, H. Herbin, F. Chen*, S. Lefkowitz*
Support: USAEC (approximately $150,000/year)
GGA (approximately $40,000/year)
Yankee Atomic Power Co. (computer support)
Related Academic Subjects
22.312 Engineering of Nuciear Reactors
22.313 Advanced Engineering of Nuclear Reactors
22.36J Two-Phase Flow and Boiling Heat Transfer
Recent References
T.E. Eaton, "Instrumentation Methods for Interchannel Coolant
Mixing Studies in Wire Wrap Spaced Nuclear Fuel Assemblies,"
N.E. Thesis, Department of Nuclear Engineering, MIT, February
1974.
K. Ip, "Velocity Measurement in Edge Channel of Wire Wrapped
Fuel Assembly by the Laser Doppler Method," SM Thesis,
Department of Nuclear Engineering, MIT, June 1974.
Y.B. Chen, "Preliminary Velocity Measurement in Edge Sub-
Channels of Wire Wrapped Bundle by the Laser Doppler
Anemometer," S.M. Thesis, Department of Nuclear Engineering,
MIT, September 1974.
Y.B. Chen, K. Ip, N.E. Todreas, "Velocity Measurements in
Edge Channels of Wire-Wrapped LMFCR Fuel Assemblies," Am.
Nuc. Soc. 19, pp. 323-324, 1974.
*Department of Mechanical Engineering
**Visiting Associate Professor, Technical University of
Berlin
32
Y.B. Chen, K. Ip, N.E. Todreas, "Velocity Measurements in
Edge Subchannel of Wire-Wrapped LMFBR Fuel Assemblies," COO-
2245-llTR, MIT, September 1974.
E.U. Khan, W.M. Rohsenow, A.A. Sonin and N.E. Todreas,
"Analysis of Mixing Data Relevant to Wire-Wrapped Fuel
Assembly Thermal-Hydraulic Design," COO-2245-12TR, MITNE-
165, MIT, September 1974.
W. Kirchner, "Turbulent Interchange in Triangular Array Rod
Bundles, S.M. Thesis, Department of Nuclear Engineering,
MIT, August 1973.
H. Ramm, K. Johannsen and N. Todreas, "Single Phase Transport
Within Bare Rod Arrays at Laminar Transition and Turbulent
Flow Conditions," Nuc. Eng. and Design, 30, No. 2, pp. 186-
204 (1974).
H. Ninokata, "Turbulent Momentum Exchange Coefficients for
Reactor Fuel Bundle Analysis," Special Problem in Nuclear
Engineering, June 1974.
P. Carajilescov and N. Todreas, "Expansion of the Method of
Correlated Temperatures to Clad and Design Analysis," Nuc.
Eng. and Design, 30 (1974).
H. Herbin, "Analysis of Operating Data Related to Power and
Flow Distribution in a PWR," S.M. and N.E. Thesis, Department
of Nuclear Engineering, M.I.T., June 1974.
3.2.3 Nuclear Power Reactor Safety
During recent years increased public concern over
nuclear power reactor safety has spotlighted issues such as
emergency core cooling system capability and the effects of
both chronic low level and large accidental radionuclide
releases. This has reinforced the importance of maintaining
an independent assessment and review capability, and has
motivated continuance of the Department's long standing in-
house commitment to this otherwise largely unsupported
academic research area despite a decline in overall available
resources.
Faculty members have been quite active in the area of
nuclear power reactor safety, in teaching, supervision of
student research and in their consulting activities.
Specifically:
A) Professor Rasmussen has directed the recently
completed AEC study on nuclear accident risks. The draft
report of this study was issued as report WASH-1400 in
August 1974. It has received worldwide attention. The
study used probabilistic methods to estimate the risks to
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the public from reactor accidents in today's LWR's. The
study concluded that reactor accident risks are quite small
in comparison with other risks society accepts. It is hoped
that the final report of this work including changes re-
sulting from comments received will be issued early in 1975.
As a result of this experience, Professor Rasmussen plans to
offer a new course in reliability methodology in the spring
of 1975.
B) Professor E.A. Mason has continued service on the
Advisory Committee on Reactor Safeguards (ACRS), which, in
addition to being a service to others, provides a valuable
contact for the department with current nuclear industry
safety issues and manpower and education needs.
C) Professor D.D. Lanning has continued service on the
Safety Audit Committee for the Monticello Nuclear Generating
Plant and has contacts with the Yankee Atomic Power Company
with regard to safety related studies. These contacts are
of value in realting current information to student projects
and education.
D) Professors K. Hansen, D. Lanning and H. Todreas
prepared an independent analysis of the safety implications
of inserting 8 by 8 fuel assemblies in place of 7 by 7 fuel
assemblieq in the Pilgrim BWR plant. The conclusions of
this analysis were submitted to the Board conducting the
hearing on this Boston Edison Co. proposed action and the
authors were cross examined on this analysis by the intervenor.
E) MIT has conducted for eight years now, a summer
course in reactor safety, drawing lecturers and students
from all sections of the international atomic energy commu-
nity as discussed previously.
F) A number of thesis projects have recently been
completed or are underway:
1) Accident Sequences for the Gas-Cooled Fast Breeder Reactor
A research project has been initiated to investigate
the possible accident sequences for the gas-cooled fast
breeder reactor (GCFR) by use of the event tree and fault
tree methods. Reasonable estimates of the accident sequence
probabilities are to be developed and dominant accident
sequences are to be studied in detail. At this stage in the
development of the GCFR, such detailed investigations of the
accident sequences should help to determine the different
system and component sensitivities toward the safety of the
present design.
2) Reactor Accident Consequence Model
This work is aimed at improving the accident consequence
model used in the WASH-1400 study. The new model will allow
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uncertainties in all the process variables to be used in
conjunction with a Monte Carlo model to produce a more
realistic consequence curve. It is expected that this work
will be supported by the AEC.
3) Reactor Core Meltdown Containment
Previous work on the design of an ex-vessel core catcher
for light water reactors is being followed up to incorporate
design improvements, and to carry out a cost-risk-benefit
analysis to provide more quantitative input bearing on
whether deployment of these devices is worthwhile.
4) Molten Fuel-Sodium Thermal Interaction in LMFBR's
This project was initiated under USAEC support to
assist in determining the possibility and consequences of
generation of high pressures and potentially destructive
mechanical work due to thermal interaction between molten
fuel and sodium. The work to date has focused on predicting
the mechanism for the onset of fragmentation of the molten
fuel, since the fragmentation process may be a necessary
condition for the destructive vapor explosion and is of
interest to assess the course of less intense scale-accidents.
Available fragmentation data for a variety of interaction
materials was surveyed and based on this review a hypothesis
was developed linking the onset of fragmentation to cavitation
within the hot material. The rarefraction wave passing
through the hot material triggering the cavitation process
was thought to have its origin in the dynamics of vapor film
growth at the hot material - cool bath interface. A detailed
transient heat transfer model for predicting the dynamic
vapor film behavior was developed to permit quantitative
comparison of this behavior to available experimental
fragmentation results. Experimental work was conducted on
this project to test the validity of the proposed cavitation
mechanism and other alternate hypotheses. In this work
molten tin is dropped into water. Pressure histories and
high speed movies are recorded. This experimental work is
continuing.
5) Analysis of the Safeguards System Against Nuclear Theft
A technique called obstacle structure analysis is
proposed to evaluate the safeguard system against nuclear
theft. A safeguard system is considered to be a combination
of obstacles that the diverters must overcome and its effec-
tiveness is evaluated by estimating the probabilities for
potential diverters to overcome the obstacles. Based on a
numerical example of the analysis of terrorists' attack on a
shipment of nuclear materials and on a fixed site, it was
concluded that this analytic method may be helpful to estab-
lish an effective and well-balanced safeguard system.
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6) Flow Stability in BWR Coolant Channels During Transients
The stability of flow rates in parallel, heated boiling-
water coolant channels during transients was investigated.
This work was undertaken to investigate anticipated unstable
flow behavior suggested by the nonlinear nature of the
governing conservation equations. The approach utilized in
this investigation was to develop the governing conservation
equations of mass, momentum and energy from their most
general forms into coupled relations applicable to an internally
heated annulus operating at transient BWR conditions. The
model was then extended to parallel annuli connected only by
inlet and exit plenums and a digital computer program was
written to examine the coupled transient behavior of these
two flow channels. The model and program are presently
being reviewed to check for formulation and programming
correctness before applying them to the analysis of tran-
sients.
Investigators: Professor D.D. Lanning, N.C. Rasmussen, J.J.
Driscoll, N.E. Todreas, M.W. Golay; Messrs. P. DeLaquil, M.
Maekawa, T. Collins, C. Watson, T. Bjornard, M. McClellan
Support: General Atomic Co. $27,000 for GCFBR Accident
Sequence Study
USAEC-ANL $30,000/yr. for LMFBR Fuel Coolant
Interaction Work
Related Academic Subjects
22.32 Nuclear Power Reactors
22.36J Two-Phase Flow and Boiling Heat Transfer
22.39 Nuclear Reactor Operations and Safety
22.94s, 22.59s, 22.96s Nuclear Power Reactor Safety
(special summer programs)
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Department, August 1974.
3.2.4 Nuclear Reactor and Energy System Design
Several research projects have been initiated or completed
involving design aspects within the reactor engineering
area. These are described below:
1) Nuclear Total Energy System Design
The recent escalation in fossil fuel prices and alloca-
tion policies for scarce fuels have forced reevaluation of
the energy supply situation by many institutions both in the
U.S. and abroad, and has reawakened interest in smaller
reactors in some quarters, among them being the U.S. Depart-
ment of Defense. Through contacts originally established
through the MIT Energy Laboratory, a research contract was
obtained from the U.S. Army Facilities Engineering Support
Agency to develop and evaluate a conceptual design for a
nuclear total energy system supplying both electricity and
thermal energy to large military installations.
The design under evaluation involves a HTGR coupled to
a closedcycle gas turbine using helium as the working fluid,
since this system delivers precooler effluent at a tem-
perature optimally suited to a hot water-type thermal
utility. The scope of the work involves development of a
complete conceptual design of both the power station and
associated thermal-electrical utility system, determination
of its economic performance compared to other alternatives,
and evaluation of the safety and environmental aspects of
this approach to satisfaction of DOD energy needs.
Unsupported background work began in the Summer of 1973
with several graduate students who were also officers in the
armed forces, and a contract for a one year study was finally
negotiated effective June 1, 1974.
2) Flow Orificing in Nuclear Power Reactors
A generalized analysis was made of the effect of subassembly
orificing on nuclear reactor core performance, with emphasis
on systems of commercial interest in the United States:
LWR, HTGR, LMFBR and GCFR. Equalization of mixed-mean
coolant outlet temperature was identified as the preferable
strategy, and the economic benefits resulting from improved
thermal efficiency and reduced coo;ant pumping power were
estimated. Savings on order of 10 $/yr can be attributed
to proper orificing in many instances.
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3) Parfait Blanket Concept for Fast Breeder Reactors
An evaluation of the neutronic, thermalhydraulic,
mechanical and economic characteristics of fast breeder
reactor configurations containing an internal blanket has
been performed. This design, called the parfait blanket
concept, employs a layer of axial blanket fuel pellets at
the core midplane in the fuel pins of the inner enrichment
zone; otherwise, the design is the same as that of the
conventional LMFBR's to which the parfait configuration was
compared.
Two significant advantages were identified for the
parfait blanket concept relative to the conventional design.
First, the parfait configuration has a 25% smaller peak fast
flux which reduces wrapper tube dilation by 37% and fuel
element elongation by 29% and second, axial and radial flux
flattening contribute to a 7.6% reduction in the peak fuel
burnup. Both characteristics significantly diminish the
problems of fuel and metal swelling.
Other advantages identified for a typical parfait
design include: a 25% reduction in the burnup reactivity
swing, which reduces control rod requirements; a 7% greater
overpower operating margin; an increased breeding ratio,
which offsets the disadvantage of a higher critical mass;
and more favorable sodium voiding characteristics which
counteract the disadvantage of an 8% smaller power Doppler
coefficient. All other characteristics investigated were
found to differ insignificantly or slightly favor the
parfait design.
4) The Cost of Reducing Radiation Emission Exposure from
Nuclear Power Plants
This investigation evaluated the costs in economic and
health terms to society due to reactor emissions and the
effect of the implementation of the proposed amendments to
10CFR50 on these costs. Using an AEC computer program, the
dose to the public was computed for two different gaseous
waste treatment systems--one being a typical system in use
before the amendments to 1OCFR50 were proposed and the other
being a typical system adopted to assure that reactor emissions
meet the proposed criteria. The calculated dose and risk
estimates made by the BEIR Committee were used to determine
the health costs. The health costs were found to be very
small. The reduction in dose due to the additional gaseous
waste treatment equipment needed to assure that reactor
emissions met the proposed 10CFR50 criteria and the installation
costs of this additional equipment were used to determine
the economic implications of the proposed amendments. The
economic costs were found to be exorbitantly high and not
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justifiable.
Investigators: Professors M. Driscoll, M. Golay, D. Lanning,
N. Rasmussen, N. Todreas; Messrs. A. Mida, R. Feher, D.
Ujifusa, M. McRobbie, A. Ribeiro, J. Shin, L. Metcalfe, M.
Doyle, J. Stetkar, Y. Liu, G. Ducat; Ms. C. Zimmermann; and
a total of 25 members of subject 22.33, Nuclear Reactor
Design during Fall 1973 and 1974.
Support: U.S. Army, Facilities Engineering Support Agency
($80,000/yr. for the HTGR Total Energy System Design), USAEC
(for the Parfait Blanket Concept Design).
Related Academic Subjects
22.33 Nuclear Reactor Design
22.312 Engineering of Nuclear Reactors
22.212 Nuclear Reactor Physics
22.34 Economics of Nuclear Power
22.35 Nuclear Fuel Management
22.37 Environmental Impact of Nuclear Powe
22.39 Nuclear Reactor Operations and Safety
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D. Ujifusa, "A Conceptual Design of an Indirect Turbine
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R. Feher, "Energy Storage Alternatives for a Nuclear Total
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neering Department, July 1974.
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tions," Trans. Amer. Nuc. Soc., 17, 245 (1974).
A. von Nida and M.W. Golay, "An Analysis of the Feasibility
of a Brayton Cycle HTGR-Powered Combined Thermal-Electric
Utility System," Symp. on Physical and Biological Effects on
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Nuclear Power Stations, IAEA, Oslo, Norway (1974).
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G. Ducat, "Evaluation of the Parfait Blanket Concept for
Fast Breeder Reactors," Ph.D. Thesis, MIT Nuclear Engi-
neering Department, January 1974.
C. Zimmermann, "The Cost of Reducing Radiation Emission
Exposure from Nuclear Power Plants," S.M. Thesis, MIT
Nuclear Engineering Department, June 1974.
3.2.5 Nuclear Fuel and Power System Management
Since fuel charges for a typical 1100 MWe light water
nuclear reactor amount to about $20 million per year and the
fuel inventory value per reactor is about $40 million, the
optimum design and use of nuclear fuel is of major economic
importance to utilities. Nuclear power stations form only a
part of the generating capacity for any utility or grid
system so that the relationship between all generating
units--nuclear, fossil steam, hydro, and peaking--in meeting
the varying imposed energy load must be considered in plan-
ning for system optimization. Both short and long-range
dispatching (i.e., power loading) for nuclear units is more
complicated than for fsiunts because of the batch type
loading of nuclear units and the heavy carrying charges in
the value of the in-core fuel. In addition there are more
fueling options available to the nuclear designer-operator
(e.g., size, enrichment, distribution, and timing of reload
batches for any given reactor) and there are more constraints
to be observed (e.g., fuel and clad temperatures, fission
product gas buildup, and local heat transfer). Since utility
planning for the future is subject to uncertainties of load,
unit availability and costs, probabilistic techniques are
required. Furthermore, typical large utility systems have a
large number of generating units available with an increasing
number of nuclear generating units planned; thus there are a
very large nubmer of possible feasible strategies which must
be considered in meeting the system demand for any given
planning period.
A utility-sponsored project is underway in the Department
aimed at developing methods useful in arriving at mangement
decisions for optimum system-wide planning of generating
unit power loading, maintenance scheduling, and nuclear fuel
reload design and timing.
A system simulation model is under development to
allocate the probable load between available generating
units (fossil and nuclear) over a midrange period of five to
ten years allowing stochastically for possible forced
outages. This model will be coupled with another nuclear
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core simulator being designed to rapidly indicate the optimum
reload batch sizes and enrichments for the nuclear units to
meet their assigned energy duties. A third costing model is
being developed to determine the incremental costs of the
various options in order to arrive at an optimum system
strategy. Initial versions of all three of these models are
operational and have been applied to utility system simula-
tion. The three existing models have been coupled together
to form a complete mid-range planning model for utilities
which operate both fossil and nuclear generating units.
Improvements in each of the submodels is underway to provide
capability both for treating hydro generating units and for
a more versatile nuclear core simulator.
In addition, a shortrange system model has been devel-
oped to provide capability for optimizing the daily and
weekly generation of nuclear energy in resource limited
situations. The model includes provision for treating the
effects of large fossil, peaking fossil, hydro and pumped-
hydro generating capacity as well as nuclear reactors in a
utility system. The model also provides a logical and
consistent method for computing shortrange system incre-
mental costs for use in system-to-system energy sales
including sales of electricity generated by nuclear plants.
Application of the model to the simulation of the operation
of a large utility system have indicated the potential for
significant savings in systems costs as well as the value of
the model as a tool for studying the financial ffects o-f
various system operating strategies.
Coupled to these simulation studies is a series of
engineering studies of the performance of nuclear fuel in
light water reactor cores aimed at determining the con-
straints which will be imposed on fuel reload flexibility
(e.g., variation of batch size, enrichment, and distribution
in the core) by engineering and safety constraints.
Investigators: Professors M. Benedict, E.A. Mason; Messrs.
Croff, P.F. Deaton, J.P. Kearney, W.T. Miles, T.A. Rieck,
H.Y. Watt, R. Eng, W. Zimmermann
Support: Partial, Commonwealth Edison Company and American
Electric Power Service Corporation ($50,000/year).
Related Academic Subjects
22.211, 22.212 Nuclear Reactor Physics I, II
22.Engineering of Nuclear Reactors
22.34 Economics of Nuclear Power
22.35 Nuclear Fuel Management
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Refueling Decisions and Engineering Constraints on the Fuel
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mitted to Nuclear Technology for publication.
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3.2.6 Fuel Designs for Plutonium Recycle
Utilities are at the stage of considering the recycle
of their reactor-produced plutonium as fuel enrichment for
future core loadings. Several alternatives are available to
the utilities and in order to evaluate these alternatives
prior to the vendor selection and final core design, it is
desirable to be able to make preliminary design calculations.
The design methods available, outside of the vendor proprietary
computer codes, are not necessarily applicable to plutonium
systems even though they have been successfully used for the
design of uranium cores.
The improvement and confirmation of calculational
methods for plutonium system has been the subject for graduate
student research. Once the confirmed calculational methods
are available, the research is then carried on to the preliminary
fuel design studies. Recent investigations in plutonium
recycle have been concerned with the development and verifi-
cation of a methodology for obtaining steady state assembly
and core relative power distributions for multiregion mixed
oxide (PuO2 -UO2) and uranium oxide fuels for large PWR's. A
modified version of the unit cell code LASER has been devel-
oped and calculated results have been compared with experimental
lattice critical studies and multi-region critical lattice
power distributions under a variety of loading schemes.
Burnup studies and integral transport theory cell row com-
parisons are progressing. Application of the method to San
Onofre-I and Maine Yankee has been performed as a part of
the design evaluation for plutonium recycle in these reactors.
Investigators: Professor D.D. Lanning; Messrs. B.W. Momsen,
W.R. Jones, R. DaSilva, G.M. Solan
Related Academic Subjects
22.32 Nuclear Power Reactors
22.34 Economics of Nuclear Power
22.35 Nuclear Fuel Management
Support: NUS Corporation ($7,000), Yankee Atomic Power Co.(Isupport for computer costs).
43
Recent References
B.F. Momsen, "An Analysis of Plutonium Recycle Fuel Elements
in San Onofre-I," Nuclear Engineering Thesis, MIT Department
of Nuclear Engineering (1974).
R. DaSilva, "An Analytical Model for Study of Plutonium
Recycle in PWR Core," SM Thesis, MIT Department of Nuclear
Engineering (1974).
3.2.7 Reactor Dynamics
A study on the application of Markovian-model tech-
niques to the problem of analysis of reliatility of nuclear
reactor systems has been completed. These techniques have
been selected because they are suitable for handling effects
of random failures on system reliability.
The problem of experimental identification of dynamic
parameters of the MITR by using principles of estimation
theory and optimum control has been investigated. The
results of the study were not satisfactory because the
methods used yielded numerical values that deviated appre-
ciably from those obtained by means of other techniques.
Investigators: Professor E.P. Gyftopoulos; Messrs. J.
Papazoglou and P. Kalambokas.
Support: Partial, Ford Professorship in Engineering.
Recent References
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J.A. Papazoglou, "Markovian Analysis of Reliability of
Nuclear Reactor Systems," SM Thesis, MIT Nuclear Engineering
Department, May 1974.
3.3 Nuclear Materials and Radiation Effects
The nuclear materials program has four major objectives:
(1) to provide students in the Department with sufficient
background in the principles of physical metallurgy and
physical ceramics in order to incorporate a fuller consid-
eration of reactor structural and fuel materials in their
thesis programs; (2) to advance reactor materials technology
in the areas of materials selection, component design,
irradiation behavior modeling, safeguards analysis, quality
assurance, and reliability assessment; (3) conduct instruc-
tional and research programs into both the fundamental
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nature of radiation effects to crystalline solids and the
interrelationships between radiation-induced structural
changes and properties; and (4) explore initial materials
problems on an interdepartmental and interdisciplinary
manner in the general fields of energy conversion, energy
transmission, and environmental technology as related to
power production.
3.3.1 Subjects of Instruction
22.71J, Physical Metallurgy Principles for Engineers,
is the introductory course in this sequence of study and is
intended for students who did their undergraduate work in
engineering and science fields which did not provide formal
instruction in metallurgy or materials science. This course
emphasizes the following topics: crystallography and microstructure;
deformation mechanisms and the relationship of mechanical
properties to metallurgical structure; thermodynamic and
rate processes to include phase equilibria, recovery and
transformation mechanisms, diffusion, corrosion, and oxida-
tion; mechanical property testing methods, strengthening
mechanisms, fracture mechanics, fatigue and creep. Emphasis
throughout is on materials and operating conditions involved
in advanced engineered systems. This and subsequent courses
are conducted jointly between the Department of Nuclear
Engineering and the Department of Metallurgy and Materials
Science.
22.72J, Nuclear Fuels, covers the principles of fissile,
fertile, and cladding materials selection for various reactor
fuel concepts based upon their nuclear, physical, and mechani-
cal properties, clad interactions, and radiation behavior.
The properties, irradiation behavior, design, and fabrication
of oxide pellet fuels for light-water and fast-breeder
reactors are especially stressed; however, metallic, coated-
particle, ceramic-particle and cermet fuels for central
power and space applications are also discussed. The ele-
ments of oxide pellet fuel behavior modeling to include
temperature and stress distributions, the mechanisms of fuel
restructuring, creep, swelling, fission gas release, energy
and mass transport, and fuel-clad interactions are discussed
in detail.
22.73J, Radiation Effects in Crystalline Solids, is
designed for graduate students of nuclear engineering,
materials science, and physics desiring a detailed back-
ground into the physics of radiation damage and the charac-
teristics of crystal defects and defect interactions.
Topics include the theory of atomic displacement, spike
phenomena, correlated collisions, inelastic scattering and
range laws for both ordered and disordered lattices. Experi-
mental and analytical methods for characterizing defect
structures, determining the effects of various defects on
physical properties, and describing the kinetics and rate
laws for defect annealing are described.
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22.75J, Radiation Effects to Reactor Structural Materials,
acquaints both nuclear engineering and metallurgy students
with the classes and characteristics of structural materials
used in the core and primary circuits of fission and fusion
reactor systems. The effects of neutron irradiation and
coolant environments on strength, brittle fracture, high-
temperature embrittlement, creep and growth, void swelling,
and corrision behavior are discussed in terms of mechanisms
and practical consequences to component design and system
operation. Emphasis is also given to materials specifica-
tions and standards for nuclear service, quality assurance,
and reliability assessment. Case studies and comprehensive
problems in reactor safeguard analysis and reactor component
failures are conducted.
3.3.2 MHD Materials Coordination
Materials technology has been identified as one of the
critical supporting technologies for the orderly development
at commercial, open-cycle, MHD power generation plants. The
durability and reliability of electrode, insulator, heat
storage, and structural materials will be limited by the
aggressive operative environments, which involve extremely
high temperatures, the presence of seed, and the carryover
of significant quantities of sulfur and ash from the com-
bustion process. In order to provide needed design infor-
mation concerning the performance limits and degradation
mechanisms of critical system materials, a comprehensive
materials technology effort is required. Some elements of
this effort have already been identified, and work is under
way at several sites under contract with the Office of Coal
Research. Furthermore, specific joint research investiga-
tions and tests involving materials have been agreed to
under the joint USA-USSR Cooperative Program for Developing
MHD Power Plants. In order to optimize the value of these
research efforts, the following coordinated activities are
being conducted:
a) Materials Program Review: timely reviews of program
activities are being conducted to assess current materials
technology, scope materials needs for advanced system design
concepts, and resolve specific questions posed by the OCR
program director.
b) Materials Selection: from periodic reviews, materials
of high promise are selected for investigation under the
program, and standard lots of characterized materials that
have a common interest to more than one participating
organization are selected for procurement under the program.
c) Research Procedures and Testing Methods: procedures
for specimen. design, research methods, and data analysis are
reviewed with the purpose of optimizing the usefulness and
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reproducibility of data.
Investigators: Prof. A.L. Bement
Support: U.S. Dept. of Interior, Office of Coal Research
(approximately $10,000/year)
3.3.3 Materials for Advanced Energy Conversion Systems
The general objective of this study is to conduct a
comprehensive technical assessment of the materials problems
and issues associated with the development of new electrical
power generation technology. The principal objectives are
as follows:
a) To identify materials problem areas that are either
known or predictable for each type of power generating
system.
b) To specify the normal and extreme conditions (coordina-
tion, stress, temperature, etc.) and the apparent
demands on materials properties and behavior.
c) To project absolute limits in materials performance
based upon their properties and to predict the extent
to which these limits can be extended within the
probable opportunities for new materials development.
d) To identify those instances where the unavailability of
suitable materials is likely to have a significant
impact on achieving technical and economic feasibility
of new energy technologies within currently conceived
time schedules.
e) To assess current materials research and development in
support of new energy technology, to identify major
gaps in the research, and to recommend areas requiring
emphasis in order to provide necessary support for
future technology needs.
f) To identify what important new industrial capabilities
will be required in the areas of materials supply,
processing, and fabrication in order to satisfy pro-
jected requirements for component design, site, per-
formance limits, and reliability.
g) To explore the range of options for employing sub-
stitute materials, expand alternate processing tech-
nology, or new composite materials or structures to
expand flexibility in aligning design, cost, and
supply/demand objectives.
h) To project the extent to which current materials poli-
cies will impart on future materials availability from
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foreign, domestic, and recycled sources, materials-
handling and disposal, environmental management, and
research incentives within government, the electrical
power equipment supply industry, and the utility
industry.
Investigators: Profs. A.L. Bement, M. Cohen* and R. Kaplow*.
Support: Advanced Research Projects Agency (approximately
$10,000/year).
3.3.4 Irradiation-induced Stress Relaxation and Creep in
Reactor Materials
The mechanical properties of nuclear materials are of
great importance to reactor designers. In particular, two
phenomena, creep and stress relaxation, can profoundly
affect reactor performance and life under certain circums-
tances. In some cases, such as permitting stress relief in
fuel cladding, these phenomena may be helpful. But in other
cases, excess creep may adversely affect the dimensional
stability of reactor core components. Thus an understanding
of the circumstances that permit or inhibit irradiation-
induced creep is necessary to optimize reactor materials
design. The purpose of this investigation is to explore
irradiation-induced creep in nickel and 304 stainless steel
at low and intermediate temperature and to determine the
stress and temperature dependence of such creep. Thin
specimen foils are bombarded under load with high-energy
alpha particles in an especially designed apparatus located
at the NRL cyclotron. The specimen deformations due to
radiation-induced creep are accurately measured and both
temperature and particle beam densities are accurately
controlled.
Investigators: Prof. A.L. Bement, Mr. Peter Hendrick.
Support: USAEC and Naval Research Laboratory (approximately
$10,000/year).
3.3.5 Mechanical Properties of Zirconium Alloys
Strain aging in zirconium, Zircaloy-2, and Zircaloy-4
in the temperature range 222-500 OC is manifested by a
number of behavior characteristics, which include increased
flow stress and yield point development during interrupted
tensile tests, a decrease in steady-state creep rate by
several orders of magnitude, marked increases in the acti-
vation energy for creep, and discontinuous flow. Although a
number of investigations have been conducted to determine
the nature of strain-aging behavior in zirconium and zir-
conium alloys, the detailed roles of substructure develo-
pment and impurity effects are not yet understood.
*Department of Metallurgy and Materials Science
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However, such an understanding has technological importance
in the development of improved cladding for light-water
reactor fuel elements, since the temperature range for this
anomalous behavior coincides with the operating temperature
range of the cladding.
The objective of this investigation is to impart
specially tailored, stable deformation substructures in the
Zircaloys by elevated-temperature deformation, develop
improved mechanical properties in fuel cladding for light-
water reactor service, and characterize the starting and as-
deformed microstructures to establish the effects of com-
position and precipitate distributions on substructure
development. Special electron transmission microscopy and
electron diffraction techniques are being developed and
applied to aid in the demonstration studies.
Investigators: Prof. A.L. Bement, Messrs. J. Vander Sande
and C. Nocetti.
Suppor: Wah Chang Albany Corporation (approximately
5, 00year).
3.3.6 Strength Differential Effects in Zirconium Alloys
An investigation is being made into the occurrence of a
strength-differential effect in the Zircaloy cladding for
light-water reactor fuel elements and into the effect such a
strength differential can have on the analytical predictions
of cladding creep collapse during irradiation-induced fuel
densification. The strength differential refers to the
difference in the compressive and tensile yield strengths of
a material. Preliminary analyses indicate that a strength
differential can have a significant effect on cladding
collapse predictions.
Investigators: Prof. A.L. Bement and Mr. G. Lucas.
Support: Wah Chang Albany Corporation (approximately $3000/year).
3.3.7 Fuel Performance Analysis during Normal and
Transient Conditions
It has become increasingly evident in recent years that
nuclear fuel reliability in light-water reactors depends on
a design, materials properties, and system operating parameters.
The objectives of this research are to (1) systematically
review the adequacy of current computer codes for fuel
behavior analysis under steady state and transient conditions;
(2) identify needed improvements to these codes; (3) develop
appropriate subroutines; and (4) conduct analyses of various
fuel operating modes under steady power and load-following
conditions for the purpose of comparing fuel reliability and
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performance limits.
Investigators: Prof. A.L. Bement, Messrs. S.P. Schultz, S.
Fujimoto, K-U Huang, D. Giorsetti and Y-Y Liu.
Support: New England Utilities via M.I.T. Energy Laboratory
(approximately $25,000/year).
3.3.8 Simulation of Radiation Effects in Fusion Materials
The purpose of this research is to conduct analyses of
various techniques, theory and data to examine the degree of
consistency, sources of error, and the probable validity of
the data in simulating radiation damage in an actual fusion
reactor environment. A critical evaluation of internal
consistencies of available void simulation work to date to
include consideration of near surface effects, material
purity and characterization, and temperature and beam
control is in progress. Also, a cooperative investigation
of void formation in molybdenum, involving various particle
beams, coordinated by Batelle Northwest Laboratories, and
involving~guch participating research will employ high-
energy Se ions to examine the effects of noncompatible ions
on void nucleation and growth.
Investigators: Prof. A.L. Bement and Messrs. K.C. Russell,
E. Ohriner, Y. Choi and S. Maydet.
Support: USAEC (approximately $40,000/year).
3.3.9 Interelectrode Insulator Development for MHD
Generators
One of the critical components of a segmented MHD
generator is the interelectrode insulator which must stand
off the Hall potential, exhibit a high degree of thermal
shock resistance over numerous operating cycles, and retain
good chemical compatability against slag and seed in the
combustion environment and with the adjoining electrode
materials. The purpose of this research is to examine in
detail the interrelationships among composition, micro-
structure, and performance limits of candidate insulator
materials. Bench scale measurements of thermal-mechanical,
thermal-chemical and electrical properties of specially
tailored materials will be followed by long-term performance
tests under simulated MHD operating conditions. Initial
work involves the investigation of MgO and high-MgO refrac-
tories in model slags at elevated temperatures. In addition
to determining the kinetics of corrosion and their dependence
on system parameters, a variety of characterization tech-
niques will be employed to elucidate the nature of the
corrosion process.
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Theses:
P.L. Hendrick, "Proton Simulated Irradiation-induced Creep,"
M.S., Departments of Metallurgy and Materials Science and
Nuclear Engineering, January, 1974.
R.W. Powell, "Void Formation in Nickel by a Low-temperature
Irradiation, Post-irradiation Anneal Technique," Ph.D.,
Department of Metallurgy and Materials Science, May, 1974.
C.A. Nocetti, "Thermomechanical Treatments of Zircaloys,"
Met.E., Department of Metallurgy and Materials Science, June
1974.
Publications:
J.B. Vander Sande and A.L. Bement, "An Investigation of
Second Phase Particles in Zircaloy-4 Alloys," J. Nucl.
Mater. 52, 115-118 (1974).
G.E. Lucas and A.L. Bement, "The Effect of a Zirconium
Strength-Differential on Cladding Collapse Predictions," to
be published in J. Nucl. Mater.
H.K. Bowen, D.R. Uhlman, J.F. Louis, J.W. Halloran, W.T.
Petuskey, R. Goodof, and A.L. Bement, "High Temperature
Electrodes," Proceedings of the 1st USA-USSR Symposium on
MHD, February 25-27, 1974, Moscow.
R.W. Powell, A.L. Bement and K.C. Russell, "Void Formation
in Nickel by a Post-irradiation Anneal Technique: Part I,
Theory," to be published in J. Nucl. Mater.
R.W. Powell, A.L. Bement and K.C. Russell, "Void Formation
in Nickel by a Post-irradiation Anneal Technique: Part II,
Experiment," to be published in J. Nucl. Mater.
R. Kaplow, A.L. Bement and M. Cohen, "Solar Energy," Vol. II
of Preliminary Reports, Memoranda, and Technical Notes of the
Materials Research Council Summer Conference, La Jolla,
California, Advanced Research Projects Agency USDOD, U. of
Michigan Report No. 005020.
3.4 Nuclear Chemical Technology
The process of uranium enrichment by stagewise mass
diffusion was investigated to determine both its technical
and economic feasibility. The technical analysis determined
the range of practical operating conditions for a mass
diffusion plant, while the economic analysis compared the
cost of mass diffusion, both in energy and capital, to
gaseous diffusion. Both analyses were for grass-roots
facilities, including utility systems.
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Uranium enrichment by mass diffusion is based on the
fact that 235UF6 in the vapor state diffuses faster than
238UF6 into a chemically inert vapor, herein called the
separating agent. The separating agent studied was perfluor-
tributylamine, N43. Isotope separation is carried out in a
mass diffusion stage where two streams, separated by a mass
diffusion screen, flow countercurrent to each other. One
stream is rich in UF6 and the other is rich in N43. The
screen primarily prevents hydrodynamic mixing of the two
streans. Isotope separation occurs in and near the holes in
the screen where UF6 diffuses from the UF6 -rich stream into
the N43-rich stream and the N43-diffuses from the N43-rich
stream into the UF 6-rich stream. Since 23 5UF6 diffuses
fatr hn238 6 235faster than 2UF 6 , more UF6 diffuses proportionally into
the N43-rich stream enriching that stream in the light
isotope with respect to the UF6 -rich stream. The separation
per stage is small, so many stages in a cascade are required.
The available energy consumption of the process occurs
primarily in separating the UF6-N4 3 gas mixture leaving each
stage at about 400 0F and 1200 torr into UF6 -rich and N43~
rich gas streams. The separation is carried out by partial
condensation at 300 0F of the less volatile N43 from the
more volatile UF6 followed by reheating the separated fluids
back to the vapor state and the stage operating temperature
of 400 0F. Heat near 400 OF and cooling near 300 0F is
provided by C2F3Cl3 in a heat pump system powered by steam
turbines. Heat for steam generation comes from coal-fired
boilers.
The entire mass diffusion stage was analyzed with
respect to available energy consumption. Inefficiencies in
heat exchangers, turbines and other plant equipment were
found to consume far more energy than the theoretical energy
requirements. The minimum possible energy consumption of a
mass diffusion plant using N43 as a separating agent is 2.3
52
times the minimum possible energy consumption of a gaseous
diffusion plant. The results are sufficiently conclusive to
suggest also that neither change in the economic environment
nor technical breakthrough would make mass diffusion com-
petitive.
Investigators: Prof. M. Benedict, Mr. Charles Forsberg
Related Academic Subjects:
22.76J Nuclear Chemical Engineering
22.34 Economics of Nuclear Power
Recent References
C.W. Forsberg, "A Technical and Economic Study of Uranium
Enrichment by Mass Diffusion," ScD ThesisFebruary 1974.
3.5 MIT Reactor Modification
The MIT Reactor has operated since 1958, most recently
at a thermal power of 5,000 kw. Neutrons and gamma rays
produced by the reactor have been used by many investigators
for a great variety of research projects in physics, chemis-
try, geology, engineering and medicine. On May 24, 1974,
the reactor was shut down to make preplanned modifications
that are designed to modernize the reactor and to provide a
threefold increase in the neutron flux available to experi-
menters.
The modified reactor core will be more compact than the
present core, and will be cooled by light water instead of
by heavy water. The new core will be surrounded laterally
and at the bottom by a heavy water reflector. The new core
will be undermoderated and will deliver a high output of
fast neutrons to the heavy water reflector, where the neu-
trons will be moderated and the resulting thermal neutrons
trapped to produce the desired high flux. The beam ports of
MITR-I will be extended into the heavy water reflector
beneath the core to give experimenters a high flux of
thermal neutrons with low background of fast neutrons and
gamma rays. To provide the desired 5 MW of thermal power
(in a more compact core) a new design of fuel plate with
longitudinal ribs has been developed. Fuel elements contain
15 plates and are rhomboidal in cross section, for assembly
into a hexagonal close-packed core.
The modification makes use of all of the existing
reactor components except the reactor tank, fuel elements,
control rods and drives and top shield plugs. Parts of the
present reactor to remain include the graphite reflector,
thermal shield, biological shield, beam ports, heat exchan-
gers, pumps, cooling towers and containment building.
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The design of the new core has been completed including
a complete safety analysis of the modified facility. This
safety analysis was sent to the Directorate of Licensing of
the AEC in November of 1970. Negotiations with the AEC were
carried out through 1971 and 1972, and on April 9, 1973, the
AEC issued a Construction Permit (No. CPR-118) authorizing
the modification of the MIT Reactor.
Fabrication of the major components for the new core
was initiated in late spring and summer of 1973. Purchase
order delivery dates were consistent with a scheduled plan
to shut the reactor down for modification beginning in late
February or early March 1974. However, the core tank was
not delivered to MIT until April 4, 1974, and the reflector
tank was not delivered to MIT until June 7, 1974, after
which hydrostatic and helium leak testing still had to be
done at the reactor site.
The core support structure was not delivered until July
1974, and subsequently a defect developed during the final
stages of fabrication for the specified fit in the core
tank. A new core support, referred to as the core housing,
has been ordered and is scheduled for delivery in late
February or early March of 1975.
Because of the delays in fabrication, the MITR-I was
not shut down until May 24, 1974. The MITR-I fuel, control
rods, upper shielding, medical therapy room shielding and
core tank were then removed. Assembly of the MITR-II has
since been in progress, although delayed by late delivery
and reviews by AEC for acceptability of the new tanks. Due
to these delays, the MIT Administration has reviewed the
modification project and the on-going reactor operation. The
decision was made to continue the modification. Operation
is scheduled to start in late spring 1975.
Engineering studies and experiments on aspects of the
new core have provided many opportunities for student
research and participation and give unique practical
training. Topics investigated by students include reactor
physics calculations, neutron transport measurements in a
mock-up of the new beam port and reflector configuration,
fluid flow measurements on a hydraulic mock-up, heat trans-
fer measurement and theoretical calculations on finned
plates, safety analysis and fuel management studies.
Equally valuable practical experience is being provided
students during the construction, startup and checkout
operation of the modified reactor.
Investigators: Professors J.W. Gosnell, A.F. Henry, D.D.
Lanning, N.C. Rasmussen, N.E. Todreas; Messrs. G. Allen, R.
Chin, L. Clark, K. Collins, W. Emrich, S. Kauffman, J.
Knotts, D. Labbe, U. Liu, B. Momsen, P. Scheinert, H. Schaffer,
R. Swartz, W. Szymczak, S. Wu.
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Support: MIT, Reactor Depreciation Reserve Account ($1,270,283
through November 1974).
Recent References
C.M. Hove, "Evaluation of a Proposed High Power Density Core
for the MIT Reactor (MITR-I)," NE thesis, Department of
Nuclear Engineering, MIT, June 1973.
R. Swartz, "A Test Device for the MITR-II Reactor Power
Safety System," B.S. thesis, Department of Electrical
Engineering, MIT, June 1974.
W.J. Emrich, "Reactivity Studies of the MITR-II," S.M.
thesis, Department of Nuclear Engineering, MIT, August 1974.
D.E. Labbe, "Gamma Scanner for MITR-II Fuel Plates," S.M.
thesis, Department of Nuclear Engineering, MIT, August 1974.
L. Soth, "An In-Core Irradiation Facility for the MIT
Research Reactor Redesign," S.M. thesis, Department of
Nuclear Engineering, MIT, January 1972.
A.C. Kadak, "Fuel Management of the Redesigned MIT Research
Reactor," Ph.D. thesis, Department of Nuclear Engineering,
MIT, April 1972.
T. Yarman, "The Reactivity and Transient Analysis of MITR-
II," Ph.D. thesis, Department of Nuclear Engineering, MIT,
July 1972.
A. Tagishi, "Investigation and Design of On-Line Digital
Noise Analysis System for the MITR," S.M. thesis, Department
of Nuclear Engineering, MIT, February 1973.
3.6 Applied Radiation Physics
This program is primarily concerned with the utiliza-
tion of neutron and laser radiation in applications to
material science problems. During the last few years a
rather comprehensive program of experimental and theoretical
studies of thermodynamic, structural, transport and vibra-
tional properties of matter has been established. The
techniques used in these investigations, which range from
molecular dynamics of simple solids and fluids to diffusion
and motility of biological macromolecules and cells, are the
inelastic scattering of thermal neutrons, the intensity-
correlation spectroscopy of light scattering, and computer
simulation experiments. The program is unique among universi-
ties because it combines the capabilities of neutron scat-
tering and light scattering, and much of its strength lies
in the close interaction between in-house experimental and
theoretical efforts.
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3.6.1 Subjects of Instruction
The following subjects of instruction are offered:
22.04 Radiation Effects and Uses, an undergraduate
course which discusses the current problems in science,
technology, health, and environment which involve radiation
effects and their utilization. Material is presented in an
essentially descriptive manner with introductory lectures
followed by special topics related to the various activities
in the Department. Emphasis is on an overview and a general
appreciation of the range of physical phenomena which one
can later study in depth.
22.51 Interaction of Radiations with Matter, which
treats the basic principles of the interaction of electro-
magnetic radiations and charge particles with matter. It
includes an introduction to classical electrodynamics,
quantum theory of radiation fields and time dependent
perturbation theory. Applications are made to laser spec-
troscopy, x-ray diffraction, photoelectric effect, Compton
scattering, Bremsstrahlung, pair production, and passage of
charge pasticles through matter.
22.52, Neutron Physics and Applications, which treats
the basic principles of neutron interaction with nuclei in
matter and the inelastic scattering of thermal and cold
neutrons in solids and liquids. Applications are selected
to demonstrate the unique features of thermal neutron scat-
tering as a research tool in solid-state and liquid state
physics and molecular spectroscopy.
22.534, Radiation Engineering and Shielding, which
considers the principles and practice of the engineering
applications of radiation and radioisotopes. Radiation
applications include radiation processing, food preserva-
tion, and heat sources. Shielding for nuclear reactors,
accelerators, and isotope sources is considered, along with
materials, effects of voids and ducts. A description of
shield design codes is presented.
3.6.2 Neutron Spectrometry and Molecular Dynamics in
Solids and Fluids
Density fluctuations occur in all forms of matter
because of thermal motions of the atoms and molecules.
Since these fluctuations result in space- and time-dependent
inhomogeneities in the system, they can be observed directly
by thermal neutron scattering. In this way one has a power-
ful technique for studying molecular dynamics on a micro-
scggic level (frequencies and wavelengths of the order of
10 Hz and one Angstrom).
56
A three-axis crystal spectrometer has been constructed
at the MIT reactor and was put into operation in 1971. More
recently it was used to study the line shape of incoherent
neutron scattering by pressurized hydrogen gases. Since the
shutdown of the MIT reactor further measurments have been
taken at Brookhaven and Argonne National Laboratories. The
Argonne experiment consisted of additional measurements on
hydrogen gas up to pressures of 2000 atmospheres. The
observation of the quasielastic line width as a function of
pressure allowed an unambiguous determination of the self-
diffusion coefficient of the gas molecule. In this case,
the data at the higher densities showed that the Boltzmann-
Enskog kinetic theory was inadequate in describing the
single-particle motions of molecules in a dense gas. This
conclusion confirmed the prediction of recent computer
molecular dynamic simulation that the collective effects in
the gas have a significant influence on the single-particle
motions at high densities. The Brookhaven experiment was a
study of the dynamic structure factor of nitrogen gas up to
512 atms. A triplet structure similar to the Rayleigh-
Brillouin spectrum in light scattering experiments was
observed. This is the first time that collective excitations
in gases have been measured directly by thermal neutron
scattering.
Other activities associated with this project are the
development of a neutron transmission experiment to deter-
mine density and concentration gradients in fluids and fluid
mixtures, and the construction of a high resolution light-
scattering spectrometer. The latter is based on the prin-
ciple of intensity correlation and is well-suited for
studying fluctuations near the critical point.
Another activity related to the project was the one-
week summer courses held in 1972 and 1973 under AEC spon-
sorship. The program was designed for college teachers and
research workers interested in using neutron scattering and
the related techniques of laser spectroscopy, x-ray dif-
fraction, and Raman scattering to solve problems in materials
science, chemistry and biology. The 1973 course lectures
were edited by S.H. Chen and S. Yip, and published under the
title Spectroscopy in Biology and Chemistry--Neutron, X-
Ray, and Laser (Academic Press, 1974).
Investigators: Professors S..H. Chen, S. Yip; Dr. H.C. Teh,
Messrs. Y. Lefevre, T.A. Postol, P. Walsh.
Support: USAEC ($100,000/year).
Related Academic Subjects
8.37 Neutron Diffraction
22.52 Neutron Physics and Applications
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Motions in Liquids, Paris, July 1973. Published in Molecu-
lar Motions in Liquids, J. Lascombe, ed., Reidel Publishing
Co. (1974).
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Chen and S. Yip, eds., Academic Press, New York (1974).
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York 1974).
S.H. Chen and A. V. Nurimikko, "Photon Correlation Spec-
troscopy in Biology," in Spectroscopy in Biology and Chemistry,
S.H. Chen and S. Yip, eds., Academic Press, New York (1974).
H.C. Teh, T.A. Postol, S.H. Chen and S. Yip, "Observations
of Collective Density Fluctuations in High Density Gases by
Neutron Scattering," Bulletin of the American Physical
Society, 19, 604 (1974).
O.L. Deutsch and S. Yip, "van Hove Self Correlation Func-
tions in a Maxwell Gas," Phys. Fluids 17, 252 (1974).
3.6.3 Neutron Molecular Spectroscopy
The primary purpose of this program is to apply the
technique of neutron inelastic scattering to problems of
molecular vibrations in large organic molecules and hydrogen-
bonded solids. A new spectrometer is being designed and
constructed at the MIT Reactor which will have a multiple-
analyser crystal coupled with a position sensitive neutron
detector. This arrangement makes maximum use of the scat-
tered neutrons over a wide solid angle so that the total
efficiency of data collection is about fifty times higher
than the conventional spectrometer.
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By measuring the intensity and band shape of various
vibrational modes in a series of saturated hydrocarbons
(alkanes) one obtains information which can be used to help
determine the multiple-minima potential functions in these
systems. Similarly, neutron scattering data on a series of
acids and amides (formic, formamide, acetic, acetamide,
glycine) will significantly contribute to the present spec-
troscopic information derived mainly from infrared and Raman
masurements.
Investigators: Professors S.H. Chen and S. Yip; Dr. C.V.
Berney, Professor R.G. Gordon, Chemistry Dept., Harvard
University.
Support: NSF ($230,000/three years).
Related Academic Subjects
22.52 Neutron Physics and Applications
Recent References
C.V. Berney, "Neutron Scattering and Optical Studies of
Molecular Vibrations," in Spectroscopy in Biology
and Chemistry, S.H. Chen and S. Yip, ed., Academic
Press, New York (1974).
C.V. Berney, ''Neutron Scattering from Fermi- Rcsonvant
Vibrational Modes in Carbon Dioxides," Journal of Chemical
Physics, in press.
3.6.4 Thermal Fluctuations and Transport Phenomena
in Gases and Liquids
The study of space- and time-dependent fluctuations in
gases and liquids is a fundamental problem in nonequilibrium
statistical mechanics. These fluctuations are of interest
because they are the basic properties of any system of
interacting particles and they determine the various trans-
port processes that can take place in fluids. In the case
of density fluctuations they can be directly measured by
inelastic neutron and laser light scattering. The emphasis
of the present research is the-development of theoretical
methods for analyzing thermal fluctuations which eventually
will result in a dynamical theory of fluids capable of
treating fluctuation and transport phenomena at arbitrary
wavelengths and frequencies.
Current theories of thermal fluctuations are formulated
in terms of space-time correlation functions. Such quanti-
ties can be obtained by solving an initial-value problem
using appropriate transport equations. This is the kinetic
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theory approach which provides an explicit link between the
microscopic world of molecular interactions and particle
trajectories and the macroscopic behavior of transport
properties and hydrodynamic processes. At present this
approach offers the most systematic method of calculating
time correlation functions in classical fluids.
The transport equations conventionally used to discuss
transport properties of gases and liquids are the Boltzmann
equation and the Enskog-Boltzmann equation. These equations
are characterized by collision operators (also called memory
functions) which treat the collision events as local in
space and instantaneous in time, and at sufficiently high
frequencies and short wavelengths such descriptions can be
expected to break down. Recent studies of renormalized
collision processes have led to the derivation of a general-
ized transport equation which goes considerably beyond the
level of the Enskog-Boltzmann equation. The removal of the
high-frequency and short-wavelength deficiencies is one
significant improvement which will be important in the
analysis of neutron scattering experiments. Another new
feature is the inclusion of correlated binary collision
events which lead to collective effects such as the non-
exponential decay of autocorrelation functions at long
times. These effects have been observed in recent computer
simulation studies and measurements of self-diffusion
coefficients.
The generalized transport equation appears to provide
the proper foundation for a unified study of thermal fluc-
tuations in fluids at arbitrary frequencies and wavelengths.
Detailed calculations are underway to verify this expecta-
tion. Computer molecular dynamics data, neutron scattering
spectra, and transport coefficient measurements are avail-
able to help assess the quantitative utility of the theory.
Investigators: Professor S. Yip; Dr. G.F. Mazenko*; Messrs.
J. Castresana, P. Furtado.
Support: NSF ($33,000/year).
Related Academic Subjects
22.51 Interactions of Radiation with Matter
22.52 Neutron Physics and Applications
Recent References
G.F. Mazenko, "Fully Renormalized Kinetic Theory. I. Self-
Diffusion," The Physical Review, 7A, 209 (1973).
*Now at Stanford University
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G.F. Mazenko, "Fully Renormalized Kinetic Theory. II.
Velocity Autocorrelation," The Physical Review, 7A 222
(1973).
G.F. Mazenko and S. Yip, "Fully Renormalized Kinetic Theory
of Thermal Fluctuations in Liquids," paper presented at the
Conference on Molecular Motions in Liquids, Paris, July
1973. Published in Molecular Motions in Liquids, J. Lascombe,
eds., D. Reidel, Dordrecht, Holland (1974).
G.F. Mazenko, "Fully Renormalized Kinetic Theory. III.
Density Fluctuations," The Physical Review, 9A, 360(1974).
J.I. Castresana, "Generalized Boltzmann Equation Description
of Density Fluctuations in Fluid Mixtures," PhD Thesis,
Department of Nuclear Engineering, MIT, August 1974.
S. Yip, "High-Frequency Short-Wavelength Fluctuations in
Fluids," Lectures at the Enrico Fermi International School
of Physics, Varenna, Italy, August 1974. To be published by
Academic Press as part of monograph entitled New Direc-
tions in Physical Acoustics.
C.H. Chung and S. Yip, "Sound Dispersion in Simple Liquids,"
to be published in Physics Letters.
S. Yip, "Spectral Distributions of Density Fluctuations in
Fluids," a chapter in Thermodynamics and Statistical
Physics, M.G. Velarde and L. Conlin-Garcia, ed., to be
publislied in Madrid, Spain (in Spanish).
3.6.5 Computer Molecular Dynamics Studies
The purpose of this recently initiated project is to
establish at MIT a capability to carry out computer experi-
ments on solids and fluids using the technique of molecular
dynamics simulation. Such experiments are designed to
calculate the equilibrium and nonequilibrium properties of
bulk matter given a knowledge of the interatomic interaction
potential for the system. The simulation technique consists
of numerically integrating the Newton equations of motion
for a system of several hundred atoms with periodic boundary
conditions. The atomic positions and velocities computed in
this manner are then used to obtain various properties such
as the equation of state, structure factor, and vibrational
frequency spectrum.
A computer program has been developed which can handle
general continuous potentials. P-V-T data have been gene-
rated for solid argon using a Lennard-Jones potential and
the results agree very well with recent measurements.
Efforts are being made to develop simulation techniques for
molecular systems in order to quantitatively study the
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effects of rotations and intramolecular vibrations. Ulti-
mately the objective is to understand and predict material
behavior under extreme conditions such as high pressures and
temperatures.
Another important objective of the project is to inves-
tigate problems involving chemical reactions. A simulation
program for hard-sphere molecules written at the Los Alamos
National Laboratory has been modified to allow collisions
which can excite the internal energy states of a molecule.
This program is being used to study nonlinear model systems
which can have multiple steady-state solutions.
Investigators: Professor S. Yip; Dr. P. Ortoleva*, Mr. Owen
L. Deutsch.
Support: Army Research Office - Durham ($112,500 for 3
years).
Related Academic Subject
22.52 Neutron Physics and Applications
Recent References
S. Yip and O.L. Deutsch, "Computer Molecular Dynamics
Studies of Solids," invited paper presented at the lth
Annual Meeting of the Society of Engineering Science, Duke
University, November 11-14, 1974.
3.6.6. Light Scattering Study of Fluids Near the Critical
Point
A new technique for determining frequency shifts in the
scattering of laser light by performing photon intensity
correlation measurements has been developed. This is a
completely digital technique in the time domain in which the
function {I(t)I(t+T)} can simultaneously be measured at 128
values of T by using a delayed coincidence method. The
accessible range for T in this instrument is from 1 sec to 1
microsec. Application of the method to Rayleigh scattering
from fluctuations in a fluid medium has enabled us to measure
with accuracy a line broadening from 1 Hz to 1 MHz. The
method is particularly suited for the study of slow density
or concentration fluctuations near the critical points and
the motion of micro-organisms of biological interest in
solution. The usefulness of the method for measurement of
molecular transformation in solution also has been investigated.
*Chemistry Department, MIT
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Investigators: Professor S.H. Chen, Dr. P. Tartaglia, Dr.
R. Nossal (NIH); Messrs. W. Veldkamp, K. Garel.
Support: National Institute of Health; MIT Sloan Fund for
Basic Research (cumulative support to date $100,000).
Related Academic Subjects
8.251 Physics of Noise and Fluctuations
8.442 Statistical Optics and Spectroscopy
22.51 Interaction of Radiation with Matter
Recent References
R. Nossal and S.H. Chen, "Light Scattering from Motile
Bacteria," Jour. de Physique, 33, Suppl. No. 2-3, Cl-171
(1972).
R. Nossal and S.H. Chen, "Laser Measurement of Chemotactic
Response of Bacteria," Optics Communications, 5, 117 (1972).
C.C. Lai and S.H. Chen, "Evidence of Mode-Mode Coupling and
Non-Local Shear Viscosity in a Binary Mixture Near the
Consolute Point," Physical Review Letters, 29, 401 (1972).
S.H. Chen and P. Tartaglia, "Light Scattering from Non-
Interacting Particles," Optics Communications, 6, 119 (1972).
S.H. Chen, P. Tartaglia and N. Polonsky-Ostrowsky, "A Method
for the Clipped Intensity Correlation Measurement," Jour. of Physics,
AS, 1619 (1972).
S.H. Chen, P. Tartaglia, and P.N. Pusey, "Light Scattering
from Independent Particles - Non-Gaussian Correction to the
Clipped Intensity Correlation Function," Jour. of Physics,
A6, 490 (1973).
P. Tartaglia, T.A. Postol and S.H. Chen, "Comment on Correlation
of Scaled Pleoton-Counting Fluctuations," Jour. of Physics,
A6, 135 (1973).
P. Tartaglia and S.H. Chen, "The Spatial Coherence Factor in
Light Scattering from a System of Independent Particles,"
Optics Communications, 7, 379 (1973).
P. Tartaglia and S.H. Chen, "Intensity Correlation of Light
Scattered from Hydrodynamic Fluctuations," Jour. of Chem.
Phys., 58, 4389 (1973).
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3.7 Applied Nuclear Physics
A good understanding of nuclear physics is basic to the
education of nuclear engineers and to the application of
nuclear reactions.
3.7.1 Subjects of Instruction
The basic instruction in applied nuclear physics is
presented as a two-semester sequence of subjects:
22.111, Nuclear Physics for Engineers I, which dis-
cusses nuclear phenomena including stationary states of
nuclei including nuclear charge, radius, mass, moments,
parity, and statistics. Also included are disucssions of
barrier transmission, radioactive transitions, alpha, beta,
and gamma decay, binding energy, nuclear forces, and nuclear
models.
22.112, Nuclear Physics for Engineers II, which is a
continuation of 22.111 and treats nuclear dynamics including
energetics and cross sections for nuclear reactions, scat-
tering and fission. The passage of charged particles through
matter involving ionization, scattering, and radiation
losses is treated as well as the interaction of neutrons and
gamma rays with matter.
3.7.2 Thermal Neutron Activation Analysis
The collaborative research in calcium metabolism between
the Endocrine Unit, MGH, and the Nuclear Engineering Depart-
ment4 as continued throughout the past year. The technique
for Ca measurement by thermal neutron activation analysis
has been improved from the NIH-Arthritis and Metabolic
Disease Institute to apply this method to the study of a
large number of patients with calcium metabolic diseases.
Investigator: Dr. D. Hnatowich.
Support: National Institutes of Health.
3.8 Medical Applications of the MIT Reactor and Other
Neutron Sources
3.8.1 Renewed Clinical Trial of Boron Neutron Capture
Therapy
During the past twelve months, a concerted effort in
many areas has been made to complete preclinical tasks
leading to a renewed clinical trial of this therapy to treat
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malignant brain tumors. Dosimetry calculations using two
transport codes (ANDY and ANISN) have provided precise
information on the radiation fields and dose distributions
within a human head. In addition, a microdosimetry calcu-
lation, using a Monte Carlo simulation program, indicates
that the dose received by small blood vessels from boron
capture reactions in the bloodstream is from 1/3 to 1/10
that to the blood. This is especially important in helping
to design a new clinical trial. In addition, measurements
of neutron flux in a phantom head model closely flow the
theoretical results. We are presently writing a proposal to
the Human Studies committees at MIT and the Massachusetts
General Hospital to start the new trial during the summer of
1975. One nuclear engineering student is involved in this
project.
3.8.2 In Vivo Neutron Activation Analysis
We have been developing a program directed towards the
in vivo neutron activation analysis in man to determine the
content of calcium phosphorous, nitrogen and other elements.
Our preclinical tasks will involve using one of the avail-
able Cockcroft-Walton generators to produce both 14.3 MeV
neutrons ((D,T) reaction) and 2.5 MeV neutrons ((D,D)
reaction) for irradiating Rhesus monkeys in collaboration
with Dr. Arnold Hunt of the New England Regional Primate
Center. Besides investigating whole body irradiations, we
are also studying ways to employ partial body irradiations
which still can monitor changes in Ca content while greatly
reducing the whole body fast neutron dose. One such approach
will be to use a 400 microgram 252Cf source we have requested
from the AEC to irradiate a hand or foot. Transport code
calculations are underway to help in the design of such a
facility. For the analysis, we are currently planning to
use a high resolution Ge(Li) detector to monitor all the
radiative capture gamma lines from Ca, N, P, etc., in tis-
sue. By employing a pulsable neutron source, the background
radiation from the source and (n,n') produced photons will
be greatly reduced while monitoring the capture gamma rays.
Two nuclear engineering students are involved in this
program.
3.8.3 New Approaches to.Thrombophlebitis Detection
In collaboration with Dr. Wm. Harris (MGH) and Dr. Dick
Lanza (Physics Department), we have developed a program to
utilize multiwire proportional chambel 5 (MWPC) to monitor
thrombus formation in patients using I-labeled fibrinogen
as the tracer. The MWPC will produce a high spatial reso-
lution so that thrombi can be accurately localized and
treated appropriately. A second part of this program is a
collaboration with Professor David Waugh (Department of
Biology) to develop a superior labeled fibrinogen tracer.
Two nuclear engineering students are involved in this program.
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3.8.4 Particle Track Etch Method for Pu Assay
The "particle track etch" method has been investigated
to determine the suitability of the MIT Reactor for the
irradiation and evaluation of animal and human tissues
containing trace amounts of plutonium. In this method, any
material containing a heavy-particle emitting nuclide is
mounted on a glass, mica or plastic backing for a period
sufficiently long so that a suitable number of particle
tracks are registered in the backing material. The backing
is then chemically etched to bring out the tracks so that
they can be counted or otherwise evaluated, usually in an
optical microscope. If the nuclide of interest is fission-
able by neutrons, the sample and backing are irradiated, and
the fission fragment tracks are then brought out by etching.
Current work involves optimization of the irradiation
conditions, increasing the sensitivity of the method to
permit assaying of even lower Pu concentrations, an investi-
gation of the bone image mechanism, and trials with other
track registering materials.
Of particular interest is the "ARIE" procedure (anneal-
re-irradiate-etch), which has been developed to eliminate or
reduce the background fogging; this permits samples of bone
containing very low levels of Pu (0.015 pCi1 gu/Kg gody
weight) to be irradiated to a fluence of 10 n/cm without
loss of the bone image. The method is much faster than
conventional autoradiography based on alpha emission, and it
is the only possible method when concentrations are so low
that the latter method requires an unfeasibly long time.
Interest in the radiobiology of plutonium increases as
more and more of this element enters the fuel cycle for
nuclear power plants. The ultimate objective is to develop
a routine method for studying very-low levels of Pu (and
other fissionable nuclides) in human tissue.
Investigators: Mr. L. Clark, Jr., Professor D. Lanning,
Messrs. M. Fellows, S. Kauffman and B. Lacy.
Support: University of Utah (USAEC) ($6,000).
Related Academic Subject
22.112 Nuclear Physics for Engineers II
Recent References
M.H. Fellows, "Bone Image Generation in Lexan Polycarbonate
from Neutron-Induced Autoradiography," SM thesis, Department
of Nuclear Engineering, MIT (May 1974).
M.H. Fellows, et al., "An Improved Technique for Neutron-
Induced Autoradiography of Bone Containing Plutonium,"
Health Physics (in press).
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3.9 Quantum Thermodynamics
Professor Elias P. Gyftopoulos and Dr. George N.
Hatsopoulos of the Mechanical Engineering Department con-
tinued their research on the foundations of quantum thermo-
dynamics (albeit in intellectual isolation from the Insti-
tute). Two significant discoveries were made during the
past year.
(1) It has been shown that quantum-mechanical states
exist which must be described by irreducible density
operators, namely density operators which cannot be
operationally subdivided into sums of other operators
each of which represents measurement statistics that
is different than that of the overall operator; irre-
ducible density operators and only irreducuble density
operators are unambiguously and uniquely related to
the maximum work that can be extracted from a system
adiabatically; as such, they represent the only
states, nonequilibrium, equilibrium and stable equi-
librium, that are subject to the limitations of
the second law of thermodynamics.
(2) It has been shown that the Liouville equation
(or its quantum-mechanical equivalent) does not describe,
even in principle, all the known and experimentally
reproducible reversible processes in isolated systems;
for example, it does not, in general, describe the
Carnot engine process; thus, the equation of motion
of quantum mechanics is shown to be incomplete not only
for irreversible processes but, more significantly,
for reversible processes.
3.10 Energy and the Environment
3.10.1 Modeling of Electrical Energy Source Competition
The United States has entered a time which is charac-
terized by rapidly increasing prices for natural gas and
petroleum, and possibly also for coal--depending upon the
rate and type of new technology development. On the nuclear
side the prospects for stable prices are much better, due to
a near-term abundance of fuel and to the high likelihood of
successful utilization of plutonium-recycle, efficient
converter reactors, and fast breeder reactors. As fossil
fuels become relatively more dear than nuclear fuels the
incentives for nuclear substitution of fossil demand will
grow. In many cases this will demand conversion from a non-
electrical to an electrical energy supply. Such conversions
will have the effect of reducing demand for fossil fuels,
and will free them for alternative uses. However, the strength
of the incentives for electrical substitution, and for the
selection of electrical power to supply newly generated
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energy demand will depend upon the price of nuclear power.
In all cases the nuclear power price is expected to remain
low vs. fossil energy prices; however, the range of possible
variation can be significant, depending upon the reactor
development and introduction sequence which occurs.
Work has recently been completed to model the national
interfuel competition, on a time scale extending to the end
of the century. An existing model which describes compe-
tition between natural gas, petroleum, coal, and electricity
has been refined to treat each of the fossil fuels as
separately supplying electrical and a non-electrical demand.
Electrical demand is also treated as being supplied by light
water reactors--both with and without plutonium-recycle--by
both burner and converter HTGR's, and by LMFBR's. The goal
of the work is to examine the effect of various reactor
development and introduction sequences, coupled with a range
of possible energy demand profiles in order to determine the
possible impact of nuclear power in supplying national
energy requirements and in reducing fossil fuel demand.
In a parameter sensitivity analysis it is seen that
some predictions of the model are relatively insensitive to
the constraints specifying a particular case. For example,
at the end of the century the electrical energy sector is
predicted to be approximately 53% of the total energy market.
Similarly, the nuclear share of the electrical energy market
is predicted to be roughly 66% in most uses. However, the
composition of the nuclear sector is seen to be strongly
dependent upon the relative capital and fuel cycle costs of
the competing reactor types.
Investigators: Professor M.W. Golay, Dr. M.L. Baughman*,
Mr. G. Daley.
Support: National Science Foundation.
Related Academic Subjects
22.34 Economics of Nuclear Power
22.37 Environmental Impact of Nuclear Power
22.80 National Socio-Technological Problems and Responses
Recent References
G.C. Daley, "Nuclear Power Development--An Interfuel Compe-
tition Analysis," SM Thesis, MIT Department of Nuclear
Engineering (1974).
G.C. Daley, M.W. Golay, and M.L. Baughman, "Competition
Among Electrical Energy Supply Sectors in the United States
*Department of Electrical Engineering, MIT
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Energy Market--To the End of the Century," Trans. Amer. Nuc.
Soc. 17, 221 (1974).
M.L. Baughman, "Dynamic Energy System Modeling--Interfuel
Competition," PhD Thesis, MIT Department of Electrical
Engineering, September (1972).
3.10.2 Environmental Impact Statement Practices
In work recently completed the practices of the USAEC
in preparing Environmental Statements for nuclear power
stations have been examined. This has been done with a view
to the laws which require such statements and to the effi-
cacy of such statements in promoting environmental protec-
tion. In doing this more than forty Environmental State-
ments were examined to see how they fulfilled the mandate of
the "Calvert Cliffs" decision to perform "cost-benefit"
analyses of environmental impacts, and to use these analyses
to provide that the "optimally beneficial" solution is
obtained.
It is seen that in fact the Environmental Statements do
not contain cost-benefit analyses; but rather cost-effectiveness
analyses; that environmental impacts are poorly and inconsis-
tently quantified; that cost and benefit accounting practices
are inconsistent and sometimes faulty; and that some costs
and benefits (e.g., federal subsidies for nuclear power,
reactor accident consequences) are not taken into account.
However, it is also seen that the USAEC--through the actions
of the staff and licensing boards--attempt to satisfy the
spirit, if not the letter of the law, and that in this way
the goal of environmental protection is, at least partially,
satisfied.
Investigators: Prof. M.W. Golay, Mr. L.R. Anderson.
Support: USAEC Traineeship Program
Related Academic Subjects
22.37 Environmental Impacts of Nuclear Power
Recent References
L.R. Anderson, "A Performance Review of the U.S. Atomic
Energy Commission Benefit--Cost Analysis Program for Civi-
lian Nuclear Power Reactors," SM Thesis, MIT Department of
Nuclear Engineering (1974).
M.W. Golay and L.R. Anderson, "The Role of Environmental
Statements in Promoting Internalization of Environmental
Costs and an Evaluation of their Benefit-Cost Analysis
Practices," Trans. Amer. Nucl. Soc., 17 (1974).
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3.10.3 Waste Heat Disposal
Since the late 1960's waste heat disposal at power
stations has become an increasingly conscientious and
expensive problem. In recent years it has occured that one
power station (Quad Cities) was forced to install a succes-
sion of three different and redundant cooling systems,
another plant (Indian Point) has been directed to install
cooling towers in place of a once-through cooling system (at
an estimated cost of $100 million), and the Environmental
Protection Agency has mandated that in the future once-
through cooling shall be prohibited unless it can be shown
that the associated environmental impacts are negligible.
To address these problems, and others, work has been
underway to develop technical options which will make waste
heat disposal more economical, and to provide the means for
reduction of the associated environmental impacts.
In the area of economics the early work was focused
upon the feasibility of augmenting the draft of large
natural draft cooling towers. The aim was to find a method
which would economically permit a reduced height chimney to
be used in conjunction with a "peaking-type" draft assis-
tance system. Draft augmentation methods investigated are
steam heating of the tower effluent, steam jet injection
into the effluent stream, and the use of fans. It is found
that all of the assistance schemes, except use of fans, fail
as being too costly. However, the fan assistance method is
shown to permit net savings in tower costs-over-life at low
tower heights. Shortly after the study was completed an
American vendor announced an intention to market fan-assisted
natural draft towers. In current work a model is being
developed to permit specification of the most economical
cooling system--taking into account the available technical
options (including mixed-mode systems), operating costs over
life, and the effects of the cooling system upon the power
station efficiency.
In the environmental area past and current work has
focused upon chemical drift from evaporative cooling towers
and the carryover of entrained liquid droplets (and their
dissolved solids) in the tower effluent stream. One of the
major environmental impacts of evaporative cooling tower
operation is that of drift salt deposition, which has been
observed to cause metal corrosion, electrical switchgear
arcing, and the death of vegetaion. At several sites salt
water cooling towers are currently planned, and as competi-
tion increases for fresh water sources it would be expected
that use of contaminated makeup water sources would grow, as
this occurs the associated problems of drift deposition can
be expected to grow also.
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In work recently completed a model has been developed
for prediction of drift propagation in the environment. This
work was presented at a recent IAEA meeting. It is current-
ly being tested against available field data, and extended
to predict fog formation.
An experimental effort is also underway to permit
improved drift eliminator designs to be developed, and to
test a new concept for drift-rate measurement. These
efforts are centered around a wind tunnel which is currently
being built. It will provide an environment similar to that
of a cooling tower fill exit area; which will permit dif-
ferent drift eliminator designs to be tested, and the dyna-
mics of their operation to be observed. This fac ity will
also be used to test the feasibility of use of Na as a
radio-active tracer in measuring salt drift flux. This is
important since no reliable drift measurement method cur-
rently exists.
Investigators: Prof. M.W. Golay, Messrs. F. Chan, E.C.
Guyer, and T.F. Flanagan.
Support: MIT Energy Laboratory ($41,000/year).
Related Academic Subjects
22.37 Environmental Impact of Nuclear Power
22.312 Engineering of Nuclear Reactors
Recent References
E.C. Guyer, "Estimation of Drift-Droplet Salt Deposition
from Spray Ponds," SM Thesis, MIT Department of Nuclear
Engineering (1974).
E.C. Guyer and M.W. Golay, "A Model for Salt Drift Deposi-
tion from Spray Ponds," submitted to Symp. of Physical and
Biological Effects on the Environmental of Cooling Systems
and Thermal Discharges at Nuclear Power Stations, IAEA,
Oslo, Norway (1974).
T.J. Flanagan, "Augmentation of Wet Natural Draft Cooling,"
SM Thesis, Department of Nuclear Engineering, MIT, August
1972.
T.J. Flanagan, "Augmentation of Natural Draft Evaporative
Cooling Tower Performance," Trans. Amer. Nuc. Soc., 16
(1973).
3.10.4 Energy Study
Professor Gyftopoulos directed a study for Thermo-
Electron Corporation and the Energy Policy Project of the
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Ford Foundation on "Potential Fuel Effectiveness in Indus-
try." The study will be published as one of the Foundation
reports in November 1974. The two most important conclu-
sions of the study are:
(1) With present technology, it is possible to reduce
the specific fuel consumption of a major segment of
Industry by one third.
(2) Considerably greater saving of fuel may be realized
from processes just beyond present horizons of tech-
nology. Research aimed at more effective industrial
processes that consume less fuel per unit of product
should, therefore, receive at least as high priority
as development of new fuel resources.
Possible savings of fuel with existing technology are
estimated in terms of methods that can be applied to indus-
trial processes in general and of methods specific to each
of six industries in particular. The six industries--iron
and steel, petroleum refining, paper, aluminum, copper, and
cement account for about 40% of industrial fuel consumption.
The ultimate potential for even greater fuel savings is
estimated by using the thermodynamic concept of available
useful work.
3.11 Applied Plasma Physics
The role of controlled fusion power as the long range
solution to the world's energy supply problem has become
more obvious and the pace of research is quickening.
International efforts in controlled fusion research have
converged on several key experiments to be constructed
during the next decade; the theoretical analyses are begin-
ning to yield the results needed to predict reactor behavior;
the engineering constraints have been determined and the
extremely difficult task of designing an economical, power
producing reactor is occupying experts in many fields. The
Nuclear Engineering Department is increasing its efforts in
all of these areas, and in so doing has strengthened its
ties with those national laboratories engaged in the con-
trolled fusion program.
Professor Dieter Sigmar, who now holds joint appoint-
ments in courses XVI and XXII is a specialist in the plasma
physics relevant to reactor regimes and with particular
attention recently to various aspects of neutral beam
heating and to the study of transport phenomena in toroidal
systems. Professor T.H. Dupree is investigating transport
phenomena in the limit of fully developed turbulence; this
regime seems to be the one to which most thermonuclear and
astrophysical plasmas evolve. Professor P.A. Politzer is
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continuing his experimental program in laboratory scale
plasmas and has added (with Professor D.J. Rose) exper
imental investigations of the problem attendant to fueling
very large scale steady state reactors. Professor L.M.
Lidsky is continuing the development of advanced plasma
diagnostics and has reinstituted a study of fission-fusion
symbioses. Such schemes, leading to the breeding of fuel for
fission reactors, are well suited for study in a Nuclear
Engineering Department.
Several other studies that pend upon the particular
assets of the Nuclear Engineering Department have been
initiated. Noteworthy among these are investigations of
radiation damage in fusion reactor environments, and analy-
ses of heat transfer in proposed reactor designs, a feasi-
bility analysis of a particular reactor concept (the theta-
pinch) and an experimental study of a model of a proposed
intense neutron source. These and similar new programs have
resulted in well developed working relationships with col-
leagues in the Metallurgy and Mechanical Engineering Depart-
ments.
3.11.1 Subjects of Instruction
The Department offers a comprehensive list of subjects
in this field.
22.610 - Controlled Fusion Power - Survey of energy
for the future, including resources, demand and cost,
with emphasis on the 21st century. Introduction to
controlled fusion concepts: fusion reactions, basic
methods of producing and confining fusion plasmas;
extraction of energy and regeneration of fuel.
Introduction to technologies related to controlled
fusion power: large magnetic field structures, lasers,
heat transfer, materials. Description and critique
of proposed fusion reactor schemes. The outlook for
controlled fusion power, in the post-AD 2000 period.
This course will include appropriate reviews of
electromagnetic theory and other necessary skills,
to prepare an entering graduate student for more
specialized fusion studies in the Nuclear Engineering
Department.
22.611 - Plasmas and Controlled Fusion I - Introduc-
tion to plasma phenomena. The occurrence and generation
of plasmas with applications to thermonuclear fusion,
gas lasers, and astrophysics. Motion of charged
particles in electric and magnetic fields; drifts;
adiabatic invariants. Plasma models: kinetic equa-
tions, MHD and fluid approximations. Wave propagation
in cold and warm plasmas; Landau damping. Simple
equilibrium and stability analysis. Introduction
to collisions and transport processes.
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22.612 - Plasmas and Controlled Fusion II - Topics in
plasma dynamics of current interest in thermonuclear
research, such as: conductivity of highly ionized
plasma; radiation losses; wave propagation; magnetic
field structures; instabilities; dynamics of a thermo-
nuclear system; critical review of confinement schemes;
advanced diagnostic techniques; recent experiments.
22.621 - Thermonuclear Reactor Design I - Systems
analysis and design of controlled thermonuclear
reactors, development of criteria for CTR feasibility
on basis of economic and technical considerations,
detailed critical review of USAEC's prototype references
reactor designs, non-maxwellian reactors, laser
induced fusion, blanket neutronics, fission-fusion
symbiosis, radiation damage, environmental hazards.
22.622 - Thermonuclear Reactor Design II - Engineering
physics of CTR subsystem: large superconducting
magnet materials and design, neutral beam generation
and control, divertors and gas blankets, energy
storage and recovery, structural material behavior.
There will be a group design project chosen from
topics of current interest, based on extending the
formal lectures of the course. Object of the design
project will be to study the integration of the wide
range of plasma physics, technological and economic
reality in a large scale research device such as a
mirror reactor neutron source or break-even two
component Tokamak.
22.64J - Plasma Kinetic Theory - Content varying from
year to year. Typical subjects: the linearized
Vlasov equation, Fokker-Planck and diffusion approxi-
mations for the average distribution function,
autocorrelation functions, resonant and nonresonant
diffusion, free energy, energy and momentum conserva-
tion, resonant wave coupling, non-linear Landau
damping, strong turbulence theories. Selected
applications to enhanced diffusion, stochastic
acceleration, turbulent resistivity, shock waves,
radio emission.
22.65J - Advanced Topics in Plasma Kinetic Theory -
Varying content including topics of current interest.
Typical subjects: theories of collective phenomena
such as linear instability and non-linear saturation
mechanisms in plasma, particularly in regimes described
by the Vlasov-Maxwell equations. Effects of wave-
particle resonance; trapping and scattering of parti-
cles by waves. Linear theory in instabilities in
inhomogeneous plasmas. Reflection and eigenmode
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problems in bounded systems. Diffusion phenomena and
anomalous resistivity associated with wave-particle
interaction. Discussion of experiments.
22.66 - Transport Phenomena in Toroidal Systems -
Diffusion of particles and energy across the magnetic
field, caused by Coulomb collisions, represents a
lower bound on containment. Whereas single particle
drift orbits and the Fokker Planck collision operator
are well understood, their implementation in plasma
transport theory for inhomogeneous magnetic field
geometry is complex and produces unforeseen physical
effects. Review of collisional transport in straight
magnetic fields, derivation of the drift kinetic
equation for toroidal fields of the Tokamak type,
kinetic theory of diffusion in the collisional,
plateau, and banana regime to provide an understanding
of the current literature of neoclassical transport.
The relevance to thermonuclear experiments will be
evident throughout.
22.67 - Plasma Diagnostics - Diagnostic systems for
measurement of plasma properties and behavior with
emphasis on thermonuclear plasmas. Measurements of
time averaged and fluctuating values of particle
densities, particle energies, electric and magnetic
fields. Techniques of electric and magnetic probes;
methods involving emission, absorption, and scattering
of r-f, microwave, optical, and x-ray radiation by
plasmas; schemes involving emission or scattering
of particles by plasmas.
22.69 - Plasma Laboratory - Introduction to the advanced
experimental techniques needed for research in plasma
physics and useful in experimental atomic and nuclear
physics. Laboratory work on vacuum systems, plasma
generation and diagnostics, physics of ionized gases,
ion sources and beam optics, cryogenics, magnetic field
generation, and other topics of current interest;
brief lectures and literature references to eludicate
the physical bases of the laboratory work.
3.11.2 Experimental Plasma Physics and Diagnostic
Development
The plasma physics and controlled fusion group main-
tains a continuing program of experimental research and
development in several areas supportive of the controlled
fusion effort. This work is directed along two major lines,
diagnostic and highly ionized plasma experiments. We are
engaged in the development of diagnostic techniques for
measurement of plasma parameters in large scale research
devices, both those presently in operation (e.g., Alcator)
and larger proposed facilities. New diagnostic techniques
are needed because fusion research devices are approaching
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new regimes of plasma density and temperature in which many
of the methods presently in use are no longer applicable.
Furthermore, more detailed and accurate measurements are
needed for comparison with new theoretical models of "reactor
grade" plasmas. Fortunately, the energy density in these
devices is high enough to facilitate new measurement tech-
niques. These diagnostic studies include the measurement of
ion temperatures using charge-transfer neutral particles
(a), and the scattering of infrared radiation by a plasma
(b).
The second major area of experimental research involves
the testing, in laboratory scale experiments, of the pre-
dictions of theories of plasma behavior. These tests are
needed both to verify the theories which are being used in
the design of large scale devices, and to provide informa-
tion which will lead to further development of the theo-
retical models of a plasma. The experiments are conducted
usually by one or two graduate students using plasma faci-
lities specifically designed for each study. Among these
experiments are studies of the effects of turbulence in
plasmas (c), plasma stability in the presence of magnetically
trapped particles (d), and the behavior of a plasma in a
nonuniform magnetic field (e). These programs are described
in more detail below:
(a) Ion temperature measurement using charge transfer
neutrals. Space and time resolved measurement of the ion
velocity distribution in high temperature plasmas is essen-
tial to our understanding of plasma behavior and scaling
experiments. We have developed and tested several diagnos-
tic devices capable of these measurements in various regimes
and are currently involved in developing a device specifi-
cally matched to M.I.T.'s Alcator experiment. This appara-
tus will allow us to infer the ion velocity distribution by
measuring the velocity distribution of the charge exchange
neutral atoms leaving the plasma. These atoms, formed by
the collision of plasma ions with slow neutral atoms, carry
information about the ion velocity through the confining
magnetic field. These escaping fast neutrals must then be
reionized and velocity sorted. We are employing an analysis
configuration originally developed by a Soviet researcher
for direct conversion of fusion reactor efflux to electr-
icity. The system is capable of simultaneously and con-
tinually measuring the ion current in ten independently
chosen energy bands. The one millisecond time resolution
and 50 eV/channel energy resolution exceeds our existing
capabilities by a very wide margin.
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(b) Scattering of Infrared Radiation by a Plasma.
Sufficiently long wavelength radiation interacts with a
plasma in a particularly interesting fashion. If the wave-
length is properly chosen with respect to the plasma's
characteristic (Debye) length and several other conditions
are met, then the scattered radiation carries information
concerning the plasma fluctuation spectrum, turbulence level
and distribution, ion temperature, instability frequencies
and spectral structure, etc. Unfortunately, this wealth of
information is not easy to extract because the scatilring -
coefficient is very small (typically one part in 10 of the
incoming radiation is scattered into the detector) and the
frequency shifg of scattered radiation is small (typically
one part in 10 ). It is possible to overcome both of these
formidable problems by using a laser with sufficient power
to overcome the small scattering cross-section and suffi-
cient spectral purity to allow frequency resolution by
advanced optical techniques. We have built a one hundred
watt single-mode, single-frequency laser for these mea-
surements based on a 10.5 y CO laser operating in the
oscillator-amplifier configuration. Even with such a source
it is necessary to cool the complete optical path to liquid
nitrogen temperature to reduce background thermal radiation
and to cool the infrared detector itself to liquid helium
temperature to enhance its sensitivity. The experiment is
being carried out using the same target plasma previously
used for our ruby laser Thompsen scattering and CO laser
incoherent scattering experiments. These latter tichniques
are now in widespread use.
(c) Turbulence in Plasmas. We are engaged in two
experiments design to test various aspects of the theory of
strong turbulence in plasmas. The development of this theory
is important for the fusion program because it is believed
that a hot, dense thermonuclear plasma wil be in a rather
turbulent state, and that this turbulence will strongly
influence the containment of both particles and energy in
such a plasma. In the first of these experiments we measure
directly the scattering of charged particles by randomly
fluctuating electric fields. We can therefore compare the
results of this measurement directly with the nonlinear
diffusion coefficients predicted by strong turbulence
theory. These coefficients are-a principal result of the
theory because they embody most of the effects of turbulent
fields. We apply a suitably chosen electric field spectrum
to a confined electron beam. The applied field simulated
that which would be found in a plasma. After a variable
interaction time, the electrons are guided into an energy
analyzer. By varying the interaction time we can determine
the change with time of the distribution of electron ener-
gies. From this change we readily compute the diffusion
coefficients which result from the interaction between the
fields and the particles.
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The second experiment is designed to test an applica-
tion of the strong turbulence theory to the behavior of wave
propagating in a plasma. The presence of turbulence in a
plasma causes scattering of particles. This process is
closely tied to the diffusion discussed above. This scat-
tering modifies the properties of a plasma in that it acts
on the plasma particles in the same fashion as does the
process of collissions between two particles. Therefore we
expect that the turbulence will change those plasma proper-
ties which depend on collisions, such as resistivity and
viscosity. This experiment is a measurement of the changes
that occur in the viscous damping of a wave propagating in a
plasma due to the presence of turbulent fields. We launch a
wave in a fully ionized plasma column. This wave propagates
through a region of the plasma in which we excite turbulent
fields. The damping of the wave in the presence of the
turbulence gives us means for measuring the nonlinear
viscosity.
Investigators: Profs. L.M. Lidsky and P.A. Politzer;
Messrs. D. Cook, J. Hsia, A. Hershcovitch, G. Pine, C.
Primmerman, L. Pasquarelli, D. Overskei, and M. Stiefel.
Support: USAEC, NSF ($195,000/year).
Related Academic Subjects
22.611 Plasmas and Controlled Fusion I
22.612 Plasmas and Controlled Fusion II
22.64 Plasma Kinetic Theory
22.65 Advanced Topics in Plasma Kinetic Theory
22.66 Transport Phenomena in Toroidal Systems
22.67 Plasma Diagnostics
22.69 Plasma Laboratory
3.11.3 Fusion Reactor Technology
The demonstration of the scientific feasibility of
controlled fusion power--a milestone that might possibly be
reached within ten years--is not sufficient to ensure that
fusion will become ultimately a significant contributer to
our energy requirements. The development of controlled
thermonuclear reactors for commercial power generation will
require also the solution of many extraordinarily difficult
technological problems. Many of these problems are similar
to, but more difficult than, those associated with fission
reactor technology. Thus, the Nuclear Engineering Depart-
ment with its unique combination of skills and fission
reactor expertise, is the ideal locus for a balanced attack
for these problems. We are working on many aspects of
fusion reactor technology and five of these are discussed
below.
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The structure immediately surrounding the reacting
plasma in a power plant will be subject to an intense flux
of 14 MeV neutrons. This flux is equal in intensity to that
achieved in specially designed high flux fission reactors
but the neutron energy is much higher. It is difficult to
extrapolate radiation effect predictions from low to high
energy neutrons because the 14 MeV neutrons are capable of
causing nuclear reactions {(n,p), (n,a)} that profoundly
modifies the material properties. Several years ago, we
published a design study for a 14 MeV neutron source one
hundred times more intense than any that then existed or was
proposed. This source is now being considered for construc-
tion and we are participating in preliminary experimental
studies of critical design features. (Gas target neutron
source (a) ).
Several reactor concepts, particularly the theta-pinch,
imposed a cyclic repeated stress on the high temperature
inner wall of the reactor vessel. This wall must be con-
structed of relatively exotic material if the neutronic
requirements of the fuel cycle are to be met. The data
needed for prediction of first wall lifetime is not avail-
able even for unirradiated, room temperature materials. We
have constructed a scale model of a segment of a theta-pinch
reactor wall and are testing it under appropriate conditions.
(Complex fatigue behavior of theta-pinch first wall (b) ).
In the reference designs for toroidal fusion reactors
it is assumed that the reactor will operate in long pulses.
Because the pulse length will be much longer than the
containment time for the reacting fuel, it will be necessary
to continually inject fresh deuterium and tritium into the
reacting plasma. Since the reactor is expected to be very
large it will be difficult to inject such fuel in a manner
that will allow it to penetrate to the center of the plasma.
The most promising scheme for fueling a reactor is the
injection at high velocity of solid pellets of frozen
deuterium-tritium mixture. For a typical reference reactor
design it will be necessary to inject more than three
thousand solid 1 mm. diameter pellets per second in order to
maintain the plasma density at the required level. We are
currently engaged in an analysis of the interaction between
such a pellet and a hot, dense, magnetized plasma (Pellet
fueling of fusion reactors (c) ).
It appears from the viewpoint of the economics and
technology of large-scale power producing systems that
fusion reactors will be relatively neutron-rich and power
poor when compared to fission reactors. The possibility of
beneficial combinations of these two systems has occurred to
many workers. Our group has been a noteworthy contributer
to studies of symbiotic systems in which the excess fusion-
produced neutrons are used to breed fuel for a physically
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separated optimized fission reactor. Our existing effort is
described below (Fission-fusion Symbiosis (d) ) as well as
the related new studies that are just beginning. Finally,
as one essential part of our general technology assessment
program we are conducting various assessments specifically
related to fusion power systems. We are investigating topics
related to the general feasibility, technical extrapolatability,
eventual cost, and possible acceptance of various conceptual
controlled fusion schemes. The aim is not only to find any
critically weak links in the concepts but also to find
strong ones, and where possible to suggest alternate paths
to explore (Technology assessment related to fusion reactors
(e) ).
(a) 14 MeV Neutron Source Model Sty4y. T~g most promi- 2sing approaches to a high intensity (10 - 10 neutrons/cm
sec) 14 MeV neutron source for near term availability are
based on the beam-gas target concept. This concept is the
only one available using existing technology that combines
high neutron generating efficiency with high power handling
capability. Several research groups have performed con-
ceptual design studies and proposed development programs
leading to the construction of large irradiation facilities
within 3 to 5 years. The overall large scale design of such
an irradiation facility is extraordinarily sensitive to the
details of the interaction between a transonic gas stream
and the ion beam. This interaction is complicated and not
yet well understood. Furthermore, there are several dif-
ferent geometries proposed for the interaction zone, all of
which have different implications for engineering feasibility
and source optimization. We are investigating a detailed
structure of the flow interaction in scale models of pro-
posed devices.
An extensive study of the interaction of an ion beam
with a gas target was accomplished by D.B. Columbant in his
doctoral thesis. We have designed an experiment to test his
predictions. The gas target is essentially a hypersonic
wind tunnel operating at Mach 5 to Mach 10. We have acqui-
red a 750 CFM rotary pump and compressor system for gas
recirculation in the target. The ion beam requirements are
200 milliamperes at 150 kilovolts. These requirements are
satisfied by the Oak Ridge DCX2 duo plasmatron which has
been made available to us. A test bench 30 kilovolt duo-
plasmatron has been used for beam neutralization studies and
we are developing numerical codes to assist in the design of
beam extraction electrodes.
The system will be fully operation late in 1975. We
will perform tests of the Columbant geometry first and
correlate the results with numerical codes. The data will
almost certainly lead to the modification and improvement of
the codes, which will then be used as a basis for further
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design studies. We will proceed then to model several other
geometries of potential interest to neutron source designers.
(b) Theta-Pinch Reactor First Wall Model Experiments.
The design of the internal structure of a controlled fusion
reactor will require detailed evaluation of the high tem-
perature fatigue behavior of the materials of construction.
The fatigue lifetime of most engineering materials can be
characterized by considering relatively few relationships.
Unfortunately, the data, when it exists at all, for the
exotic materials of fusion reactor construction, is usually
pertinent only to room temperature operation. However, many
of the important factors, particularly the effect of strain
rate, are very sensitive to temperature. Because of the
complex nature of the loading of fusion reactor components,
the need to consider mechanical forces arising from the
shock phase of the pulse and the effect on structural inte-
grity of various embrittling mechanisms, model simulating
testing is required to establish upper and lower bounds of
wall life, to examine the modes of fatigue failure, and to
establish scaling laws to apply such analysis to the design
of prototype components.
We have completed studies establishing the operating
parameters for a proposed design for a separated shock
theta-pinch and have defined for the first wall the boundary
loading conditions and dimensionless parameters which inter-
relate expected stress levels, operating conditions and
material properties. The imposed boundary conditions
indicate that a combination of two failure modes will be
present. We have constructed a simulation model of a pro-
perly stressed first wall segment. The average temperature
is maintained by a furnace and the periodic heat load im-
posed by a pulsed high current transformer. The cooling
system uses high velocity argon gas flow in a closed loop
system pressurized slightly above atmosphere. We are
working now on the generation of a complete set of cyclic
stress cycles-to-failure data for Niobium samples at tem-
peratures and cyclic loads appropriate to fusion reactor
operation. We plan also to generate equivalent data at room
temperatures for comparison with existing theoretical
models. We will try by a continuous sequence of microscopic
materials testing to be able to draw preliminary indications
of the failure mode for each regime of parameter space.
(c) Pellet Fueling of Fusion Reactors. This analysis
is directed toward a determination of the optimum size and
velocity for a fuel pellet. In summary, the processes
taking place as the pellet moves through the plasma can be
separated into two categories. This energy input results in
ablation and ionization of atoms from the pellet which are
transported to the plasma and are deposited as fuel as the
pellet passes through the plasma. These processes are
81
complicated by the fact that we are dealing with the inter-
action between a hot plasma, at temperatures in excess of
108,000,000 0K, and a solid pellet at a temperature below
20 K. However, the analysis is rendered feasible by the
consideration of a series of concentric shells surrounding
the pellet containing ablated material at successively
higher temperatures. In this fashion we can consider in
each shell separately the behavior appropriate to the con-
ditions in that shell. A naive calculation of the energy
which may be deposited on the pellet by the plasma indicates
that the energy flux is so high that the pellet will be
destroyed long before it penetrates to the core of the
plasma. However, as with a satellite entering the earth's
atmosphere, the ablated material shields the pellet from the
plasma. This shielding takes place due to two effects.
First, the ablated cloud of cold material is so dense that
the incoming plasma particles lose a great deal of their
energy in collisions with the particles that make up this
cloud before they strike the pellet surface. In addition
this cloud becomes very rapidly ionized, and, because of its
high density, its pressure is sufficient in certain cases to
exclude the magnetic field from the region surrounding the
pellet. Since the plasma particles are constrained to move
along magnetic field lines, this further reduces the number
of energetic particles which canreach the pellet. Our goal
in this analysis is to give a quantitative measure of these
effects so that we can determine the rate at which fuel is
deposited in the paslma. To test several of the assumptions
made in this study we are undertaking a simulation experi-
ment in which we will be able to observe, for a very short
period of time, the interaction between a small solid pellet
and a hot dense plasma. In order to study the initial
development of the ablation cloud around the pellet we must
have a plasma with an energy density comparable to that
anticipated for a fusion reactor. It is not difficult to
achieve these conditions in the laboratory for very short
time intervals. This experiment will show whether or not
the expected ablation behavior does take place.
(d) The Fission-Fusion Energy Systems. Almost every
previously conceived fusion reactor model predicts that
fusion reactors will be prolific sources of "disposable"
neutrons. Depending on the fuel cycle and technological
details of the blanket, one expects excess neutron pro-
duction of 0.1-0.5 neutron per fusion reaction. These
potentially valuable neutrons can be used in many ways. In
"hybrid" reactors, the neutron impinges directly on an
energy multiplying fission blanket surrounding the fusion
reactor. Such hybrid reactors have many conceptual advan-
tages when viewed in idealized terms, but often suffer from
overwhelming disadvantages when realistic engineering con-
siderations are taken into account. We have proposed that
the excess neutrons be used to convert inexpensive fertile
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materials such as thorium 232 or uranium 238 into fissile
materials for consumption in optimized fission reactors.
Several design studies have been conducted, both at M.I.T.
and elsewhere, which considered neutrons as the main output
of the fusion reactor. Such devices ("electric breeders")
could have a vast impact on the development of the fission
reactors because the allowable time before the introduction
of breeder reactors is multiplied manyfold. Under some
considerations a breeder reactor need never be developed at
all.
We are considering vagius poHgble nuclear fuel
economies, including the U - Pu 23 uel ggle currently
favored by the USAEC and the thorium - U cycle favored
by Canada and several European nations. Special attention
is being given to the possibilities of symbiotic combina-
tions of fusion reactors with the LWBR, MSBR and HTGR ad-
vanced converter reactors. Given reasonable fusion reactor
performance, less favorable than required for stand-alone
operation, we have found that there is a region, often broad
in extent, among the various parameter combinations defining
the economic egg ronment within which the use of fusion
reactor bred U is a competitive or superior option.
We are adapting a neutronics code developed for fission
reactor analysis for use with the higher energy spectrum of
fusion reactor designs. Our immediate goal will be to
determine the achievable breeding ratios in various con-
ceptual symbiotic blankets and the extent to which fast
fissions of thorium 232 and thermal fissions of uranium 233
can be avoided. One goal is the minimization of fission
product contamination of the fusion reactor blanket. A
longer range goal is the development of a detailed engi-
neering design for a fissile breeding blanket for a Tokamak
reactor. This blanket design will be based on the use of an
internal spectral shaping and breeding blanket (as proposed
by the University of Wisconsin group) and high temperature
helium cooling. We plan to consider questions of neutronics,
radiation damage, complex stress-strain behavior, thermal
hydraulics, accessibility and repairability, construction
and maintainance costs, environmental impact, materials
requirements, etc. This will necessarily be a substantial
effort equal in scope to some of the point designs developed
by the National Laboratories and will necessitate contribu-
tions from faculty and students in several disciplines both
within and without the Nuclear Engineering Department.
(e) Technology Assessment Related to Fusion Reactor
Design. We have developed a two-dimensional intersecting
gri coordinate system useful for discussing complex issues
concerning fusion reactors. Along one axis one deploys the
various proposed schemes for achieving practical controlled
fusion, along the other are the specific technologies
generally related to one or more of these approaches. One
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can then focus one's attention on a particular technology to
see what demands the various fusion schemes-place upon it
and to determine its minimal level of interesting develop-
ment, or one can consider a particular fusion reactor design
and try to determine whether the various technological
requirements can ever be economically met. The problem is a
complex one, and one must focus one's attention alternately
on proposed fusion arrangements and specific technological
problems. In so doing one finds strong and weak points of
various concepts and some guidance in asking technological
questions. In particular one can try to assess their
extrapolatability in regard to various fusion concepts.
This technique has led us to focus for our initial
efforts on several critical aspects of theta-pinch reactor
development. We have completed studies of proposed first
wall protection mechanisms and of various energy storage
schemes. We have found in the first case some basic prob-
lems of physics that make vacuum wall protection look far
more difficult than envisaged by proponents of theta-pinch
reactors, and in the second some technological constraints
that suggest that theta-pinches cannot be extrapolated to
full-scale economical power producing reactors. These
reports have been submitted to the AEC for use in their
continuing assessment program. We have begun work on laser
heated theta-pinch plasmas and intend soon to consider
mirror-type plasmas and in particular the schemes that have
been proposed to achieve a reasonable energy balance. We
hope to be able to pose criteria that need to be met in
order to achieve success with this reactor system.
Many points arise in this assessment concerning mater-
ials requirements, accessibility demands, tritium recovery
chemistry and many more of the technology-dimensioned items.
In these activities we work with others at MIT and elsewhere
on more specific topics (e.g., heat transfer limitations
across the first wall). The aim is to sharpen up critical
questions of technology, materials availability, engineering
acceptance, etc. The end result of these studies is the
achievement of a better understanding of which paths are the
best to follow, and the optimum balance of the development
effort.
Investigators: Profs. L.M. Lidsky, P.A. Politzer, D.J.
Rose; Messrs. F. Chang, A. Cook, A. Forbes, D. Huber, P.
Martin, M. Mckinstry.
Support: USAEC ($95,000).
Related Academic Subjects
22.610 Controlled Fusion Power
22.611 Plasmas and Controlled Fusion I
22.612 Plasmas and Controlled Fusion II
22.621 Thermonuclear Reactor Design I
22.622 Thermonuclear Reactor Design II
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3.11.4 Transport Processes in Fully Ionized Plasmas
The determination of the transport rate of particles,
momentum, and energy across the confining magnetic field of
a thermonuclear type plasma is one of the central problems
of plasma theory. This transport is caused by Coulomb
collissions as well as by collective oscillations producing
micro-turbulence, or a combination of both. From this vast
problem area, we have singled out the study of transport
phenomena in toroidally confined plasmas of the Tokamak
type. Starting from first principles (drift Vlasov equation
and Fokker-Planck collision operator) on one hand, and the
well established resonance broadening theory of finite
amplitude toroidal drift-like modes on the other hand, our
research concerns those problems of thermonuclear relevance
that require mostly an analytic approach of theoretical
plasma physics. Our results have freuqently been the star-
ting point for sizeable numerical evaluation of specific
Tokamak questions of interest to the CTR laboratories.
Concerning turbulent transport, we are presently
investigating the anomalous diffusion of a multi-ion species
plasma due to the impurity mode, and are following the
saturation theory of the dissipative trapped particle mode
due to resonance broadening.
Concerning collisional transport, our work centers
around the so-called neoclassical theory. It has recently
been extended from fundamental studies of approximate
analytic forms of the Fokker-Planck operator, a complete
theory of impurity ion diffusion in the banana regime, and
the effect of charge exchange reactions on neoclassical
transport, to applied problems such as an interpretation of
toroidal plasma rotation observed in a particular Tokamak
experiment, and alpha particle diffusion in a thermonuclear
reactor as a special case of the impurity theory. Further-
more, we are following the study of viscous and inertial
effects on the neoclassical diffusion in the short mean free
path regime.
Investigators: Prof. D.J. Sigmar; Messrs. S.P. Hirshman,
H.C. Chan, D. Ehst, P. Chrisman, K. Rubenstein.
Support: USAEC, co-principal investigator with Prof. J.
McCune ($74,000 for F.Y. 1975).
Related Academic Subjects
22.65J Advanced Topics in Plasma Kinetic Theory
16.59 Introduction to Plasma Kinetic Theory
22.64J Plasma Kinetic Theory
22.611J Plasmas and Controlled Fusion
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4. CURRICULUM
4.1 Degree Programs
The Department offers programs leading to the degrees
of Master of Science in Nuclear Engineering, Nuclear Engi-
neer, and Doctor of Science (or Doctor of Philosophy) in
Nuclear Engineering. The duration and objectives of these
programs are quite different.
The objectives of the Master's program is to provide
students who have had sound undergraduate training in
physics, chemistry or engineering with the equivalent of one
year of graduate education in nuclear engineering. Although
full knowledge of the subject matter and techniques of
nuclear engineering cannot be obtained in one year, gradu-
ates of this program are given a sound base of knowledge
which prepared them either for employment on nuclear pro-
jects or for more advanced graduate education. Minimum
requirements for the Master's degree are two semesters of
full-time graduate instruction including a thesis. The
majority of the candidates for this degree, however, need a
full calendar year to complete course work and thesis.
The objective of the Nuclear Engineer's program is to
educate students for a creative career in the design aspects
of nuclear engineering. Minimum requirements are four
semesters of full-time graduate instruction, including a
substantial thesis concerned with engineering, analysis,
engineering design or construction of a nuclear facility or
device. Students in this program have sufficient time to
learn advanced techniques for engineering analysis and
design, and their creative abilities in these areas are
developed through participation in engineering projects
under faculty supervision.
The objectives of the doctoral program are to give a
student advanced education in nuclear engineering and to
challenge him to become a leading and original contributor
to his professional field. Students in this program are
required to pass a searching and difficult general exami-
nation and then to complete a- major research investigation
of sufficient scope and originality to constitute a contri-
bution of permanent value to science and technology.
Although no set time is specified for completion of the
doctoral program, most students require from three to five
years. Students completing the Doctor's program in Nuclear
Engineering are prepared and motivated to work on the
frontiers of nuclear technology.
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4.2 Fields of Study
Although each student's program of study is arranged to
suit his individual interests and objectives, most programs
fall into one of the six fields of study mentioned in the
Introduction:
1. Reactor Physics
2. Reactor Engineering
3. Nuclear Fuel and Power Management
4. Applied Plasma Physics
5. Nuclear Materials Engineering
6. Applied Radiation Physics
Most candidates for the Master's degree specialize either in
some combination of Reactor Physics and Reactor Engineering
under the more general heading of Fission Reactor Technology,
or in Applied Plasma Physics, Nuclear Materials Engineering,
or Applied Radiation Physics.
The Nuclear Fuel and Power Management field includes so
many different topics that students generally require more
time than is available in the one-year Master's program. The
two-year Engineer's degree program seems well-suited to the
needs of students wishing to become thoroughly trained to
work in this field. Other fields appropriate for Engineer's
degree candidates are Reactor Engineering, Applied Plasma
Physics and Nuclear Materials Engineering.
All six fields are appropriate for candidates for the
Doctor's degree. Doctoral candidates taking the General
Examination required for that degree have the option of
being examined in any one of these six fields.
4.3 Subjects of Instruction
Subjects of instruction currently offered by the Nuclear
Engineering Department are listed below. The subjects are
divided into different areas for convenience. The introduc-
tory subjects are intended principally for undergraduates.
Subjects 22.89 Basic Electronic Instrumentation Laboratory,
22.311 Engineering Principles for Nuclear Engineers, and
22.71 Physical Metallurgy Principles for Engineers, are
intended for graduate students who did not have the material
as an undergraduate but need the material for graduate work.
Subjects designated J are taught jointly with other
Departments, e.g. Physics, Mechanical Engineering, Metal-
lurgy and Aeronautics and Astronautics.
88
Introductory Subjects
22.02 Physics of Nuclear Energy
22.03 Engineering of Nuclear Power Reactor Systems
22.04 Radiation Effects and Uses
22.06 Nuclear Engineering in Society
22.08J Energy
Nuclear Physics
22.111 Nuclear Physics for Engineers I
22.112 Nuclear Physics for Engineers II
Nuclear Reactor Physics
22.211 Nuclear Reactor Physics I
22.212 Nuclear Reactor Physics II
22.213 Nuclear Reactor Physics III
22.22 Nuclear Reactor Kinetics
22.29 Nuclear Measurements Laboratory
Nuclear Reactor Engineering
22.311 Engineering Principles for Nuclear Engineers
22.312 Engineering of Nuclear Reactors
22.313 Advanced Engineering of Nuclear Reactors
22.314 Structural Mechanics in Nuclear Power Technology
22.315J Structural Mechanics in Nuclear Power Technology
22.32 Nuclear Power Reactors
22.33 Nuclear Reactor Design
22.34 Economics of Nuclear Power
22.35 Nuclear Fuel Management
22.36J Two-Phase Flow and Boiling Heat Transfer
22.37 Environmental Impact of Nuclear Power
22.38 Current Developments in Nuclear Energy
22.39 Nuclear Reactor Operations and Safety
Numerical and Mathematical Methods
22.41 Mathematical Methods of Reactor Analysis
22.42 Numerical Methods of Reactor Analysis
22.43 Advanced Methods of Reactor Analysis
Applied Radiation Physics
22.51 Interaction of Radiations with Matter
22.52 Neutron Physics and Applications
22.534 Radiation Engineering and Shielding
22.54 Nuclear Radiation in Biology and Medicine
22.58J Quantum Foundations of Mechanics and Thermodynamics
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Plasmas and Controlled Fusion
Controlled Fusion Power
Plasmas and Controlled Fusion I
Plasmas and Controlled Fusion II
Thermonuclear Reactor Design I
Thermonuclear Reactor Design II
Plasma Kinetic Theory
Advanced Topics in Plasma Kinetic Theory
Transport Phenomena in Toroidal Systems
Plasma Diagnostics
Plasma Laboratory
Nuclear Materials
Physical Metallurgy Principles for Engineers
Nuclear Fuels
Radiation Effects in Crystalline Solids
Radiation Effects to Reactor Structural Materials
Nuclear Chemical Engineering
General
National Socio-Technological Problems and Responses
Basic Electronic Instrumentation Laboratory
Special Problems in Nuclear Engineering
Subjects offered by other departments of special
interest to Nuclear Engineering students include:
Civil Engineering
1.143 Mathematical Optimization Techniques
1.146J Engineering Systems Analysis
1.154 Simulation Methods
1.16J Special Studies in Systems Engineering
1.502 Structural Analysis and Design
1.77 Water Quality Control
1.78 Water Quality Management
1.84 Environmental Management: Concepts, Issues and
Processes
Mechanical Engineering
Engineering Modeling and Analysis
Dynamics
Vibration and Sound
Methods of Engineering Analysis
Control System Principles
Advanced Systems Dynamics and Control
22.610
22.611
22.612
22.621
22.622
22. 64J
22.65J
22.66
22.67
22.69
22. 71J
22. 72J
22. 73J
22. 75J
22. 76J
22.80
22.89
22.90
2.02
2.03
2.06
2.092
2.14
2.151
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2.20 Fluid Mechanics
2.25 Advanced Fluid Dynamics
2.283 Fluid Physics of Pollution
2.30 Mechanical Behavior of Solids
2.41J Thermodynamics of Power Systems
2.451 Intermediate Thermodynamics
2.452 Advanced Thermodynamics
2.55 Advanced Heat Transfer
2.56 Conduction Heat Transfer
Metallurgy Materials Science
Physical Metallurgy
Deformation Processing
Behavior of Metals at Elevated Temperatures
Fracture Mechanisms in Solids
Physics of Solids
Corrosion
Electrical Engineering
6.013
6.231
6: 2321
6. 271J
6. 272JI
6.681
6.6821
6.683
Physics
8.06
8.07
8.081
8.311
8.321
8.322'
8.3231
8.341
8.342}
8.511
8:5121
Electromagnetic Fields and Energy
Dynamical Systems and Control
Introduction to Operations Research
Power System Engineering
Planning and Operation of Power Systems
Theoretical Physics
Electromagnetic Theory
Quantum Theory
Methods of Theoretical Physics
Theory of Solids
8.541 Neutron Diffraction
8.613J Introduction to Plasma Physics
3.14
3.37
3.38
3.39
342
3.43
3.54
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Chemical Engineering
10.38 Analysis and Simulation of Chemical Processing
Systems
10.39 Energy Technology
10.47 Ion Exchange
10.50 Heat and Mass Transfer
10.52 Mechanics of Fluids
10.56 Chemical Engineering in Medicine
10.70 Principles of Combustion
10.72 Seminar in Air Pollution Control
10.86
10.871 School of Chemical Engineering Practice--Oak Ridge
10.881
Ocean Engineering
13.21 Ship Power and Propulsion
13.26J Thermal Power Systems
Management
15.065 Decision Analysis
15.081 Mathematical Programming
15.084J Theory of Mathematical Programming and Discrete
Time Optional Control
Aeronautics and Astronautics
16.51 Plasma Propulsion and Power Generation
16.59 Introduction to Plasma Kinetic Theory
Mathematics
18.085 Methods of Applied Mathematics for Engineers
18.175 Theory of Probability
18.2765 Numerical Analysis
18.279 Analysis of the Finite Element Method
4.4 Independent Activities Period
The Independent Activities Period has become a permanent
part of the MIT academic calendar. The month of January is
set aside to provide an opportunity for varied activities
ranging from academic work for credit all the way to the
various forms of rest and recreation. The Nuclear Engi-
neering Department has used the period to provide students
with detailed instruction in very specialized areas. We
have utilized the talents of the Department's staff itself,
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as well as bringing in experts in various areas from the
nuclear industry. Examples from the past have included
tutorial sessions on the use of digital computers and
nuclear reactor codes, neutron activation analysis, and
nuclear reactor transport. Program offerings have also been
given in the area of energy and the environment, as joint
offerings with several MIT departments and Harvard Univer-
sity. Professor David J. Rose has supervised this program.
The Department has also offered training in use of the
machine shops and a large number of short seminars. In the
IAP of 1975, the Department plans to offer nine subjects of
varying duration, several seminars, and a three-week prac-
tice school at the Pilgrim-I nuclear plant which the Boston
Edison Company has kindly agreed to sponsor.
4.5 Undergraduate Research Opportunities Program
The Undergraduate Research Opportunities Program is a
special program to provide undergraduate students with
research experience in the various laboratories and depart-
ments throughout MIT. The seminars are under the direction
and support of the MIT Education Research Center. Professor
D.D. Lanning is the Nuclear Engineering Department Coordinator.
The program has provided an excellent vehicle for
undergraduates to learn about the research activities in the
Department.For the Fall semester of 1974 six undergraduates
were engaged in projects within the Department.
4.6 Descriptions of New and Revised Subjects
The curriculum of the applied Plasma Physics field has
been extensively modified to reflect greater emphasis on
fusion reactor technology and the physics of "reactor grade"
plasmas. We have added three new courses (Controlled Fusion
Power, Transport Phenomena in Toroidal Systems, and Plasma
Diagnostics) and combined two existing ones to yield a new
one year sequence (Thermonuclear Reactor Design I, II).
These changes do not increase the total departmental teaching
load because of joint teaching arrangements with the Physics
and Electrical Engineering Departments (22.611, Plasmas and
Controlled Fusion I is now a joint course) and suitable
alternate year teaching schedules. The new Diagnostics
course will be alternated with the Plasma Laboratory.
The engineering problems of controlled fusion reactors
will require at least as vigorous an attack as have the
Physics problems. The Nuclear Engineering Department has an
outstanding record in Fusion Reactor Technology; in order to
extend it, it will be necessary to utilize the talents of
all our students and faculty. Thus, the most significant
change in the curriculum is the introduction of the new
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22.610, Controlled Fusion Power. This course is designed
both to facilitate the entrance of students with engineering
backgrounds into the fusion reactor engineering sequence and
to provide the first part of a "fusion minor" to students in
this and other departments.
The most promising reactor designs are based on the
Tokamak configuration. New course 22.66, Transport Phenom-
ena in Toroidal Systems, is designed to provide a working
knowledge of the literature in this field of vital interest
to reactor design. Although the course will be theoreti-
cally rigorous throughout, the relevance to existing and
proposed experiments will be continually evident.
A thorough familiarity with plasma diagnostics tech-
niques is, of course, required for current experiments and
eventually essential for the development of the advanced
diagnostics needed for full scale reactor operation. New
course 22.67, Plasma Diagnostics, reflects a long interest
by department members in such measurement techniques,
specially those applicable to the new generation of large
high energy density devices. It is now possible, because of
Professor Sigmar's addition to the Department's roster and
Professor Rose's assumption of responsibility for 22.610 to
offer this course on an alternate year basis. We expect
that it will be of wide interest to the Institute's plasma
community.
In addition to the major revision in the Applied Plasma
Physics curriculum, we have added new subjects in Energy,
Structural Mechanics, and the History of Nuclear Engineering.
These are indicative of the breadth of activities in which
the Department engages.
A. New Subjects
22.08J - Energy - Energy from a holistic point of view;
provision, rational utilization and conservation,
regulation, environmental effects, and the inter
connectedness of energy with other societal sectors.
Resources of petroleum, natural gas, coal, nuclear
and other energy forms. Technologies of providing
energy from these forms. Utilization of energy in
various sectors: transportation, industrial, commer-
cial and domestic. Regulatory, tax, and other insti-
tutional arrangements that affect production and use
patterns. Environmental costs and opportunities
associated with exercising various energy strategies
both existing and proposed.
22.314 - Structural Mechanics in Nuclear Power Tech-
nology - Components and structures in nuclear power
plant systems: their functional purposes; mechanical,
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thermal and nuclear operating conditions; mechanical-
structural design requirements; reliability and
safety criteria. Foundations in the mechanics of
continuous media with special emphasis on thermo-
mechanical conditions and mechanical behavior of
materials under mechanical loading, elevated tempera-
tures and neutron irradiation. Unique problems in
the analysis of stress and strain, deformation,
stability, shake-down and limit load of typical
power reactor components and structural systems for
operational (coolant flow) and accidental internal
loading conditions and for external conditions such
as seismic accelerations and ship motion. Failure
experience and reliability analysis of mechanical
components of nuclear power reactors.
22.315J - Structural Mechanics in Nuclear Power
Technology - Brief introduction to nuclear power
engineering and nuclear reactor physics. Components
and structures in nuclear power plant systems: their
functional purpose; mechanical, thermal, and nuclear
operating conditions; design requirements; reliability
and safety criteria. Unique problems in the predic-
tion of the behavior of typical power reactor compo-
nents and structural systems under operating and
accidental internal loading conditions such as seismic
accelerations. The main part of the subject coincides
with 22.314. Supplemental material on nuclear reactor
physics included to provide sufficient background
for the non-nuclear engineering student.
22.534 - Radiation Engineering and Shielding -
Principles and practice of the engineering application
of radiation and radioisotopes. Radiation sources and
machines, radiation interactions, dosimetry and
radiation detection. Nuclear analytical techniques
in science, industry, medicine and the environment.
Radiation applications including radiation processing,
food preservation, and heat sources. Shielding of
nuclear reactors, accelerators and isotopic sources.
Penetration of neutrons, yarays and charged particles
in shields. Shielding materials, heat removal and
effects of voids and ducts. Description of shield
design codes.
22.610 - Controlled Fusion Power - Survey of energy
for the future, including resources, demand and cost,
with emphasis on the 21st century. Introduction to
controlled fusion concepts: fusion reactions, basic
methods of producing and confining fusion plasmas;
extraction of energy and regeneration of fuel.
Introduction to technologies related to controlled
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fusion power: large magnetic field structures, lasers,
heat transfer, materials. Description and critique
of proposed fusion reactor schemes. The outlook for
controlled fusion power, in the post-AD 2000 period.
This course will include appropriate reviews of
electromagnetic theory and other necessary skills,
to prepare an entering graduate student for more
specialized fusion studies in the Nuclear Engineering
Department.
22.66 - Transport Phenomena in Toroidal Systems -
Diffusion of particles and energy across the magnetic
field, caused by Coulomb collisions, represents a
lower bound on containment. Whereas single particle
drift orbits and the Fokker Planck collision operator
are well understood, their implementation in plasma
transport theory for inhomogeneous magnetic field
geometry is complex and produces unforeseen physical
effects. Review of collisional transport in straight
magnetic fields, derivation of the drift kinetic
equation for toroidal fields of the Tokamak type,
kinetic theory of diffusion in the collisional, plateau,
and banana regime to provide an understanding of the
current literature of neoclassical transport. The
relevance to thermonuclear experiments will be evident
throughout.
22.67 - Plasma Diagnostics - Diagnostic systems for
measurement of plasma properties and behavior with
emphasis on thermonuclear plasmas. Measurements of
time averaged and fluctuating values of particle
densities, particle energies, electric and magnetic
fields. Techniques of electric and magnetic probes;
methods involving emission, absorption, and scattering
of r-f, microwave, optical, and x-ray radiation by
plasmas; schemes involving emission or scattering of
particles by plasmas.
22.82 - History of Nuclear Engineering: A Case Study
in the Interaction between Technology and Society -
Physical bases of the large-scale applications of
nuclear energy and of the problems arising from these
applications. Military origins of nuclear engineering;
the question of military or civilian control. The
United States Atomic Energy Commission: its.origin
and its role in the development of the peaceful
applications of nuclear energy. The development of
nuclear power in the United States: comparison with
the United Kingdom, the Soviet Union, France and
Germany. The role of nuclear energy in an era of
increasing demand for energy; public concerns about
this role. Attempts at international control of
nuclear energy and limitation of nuclear arms.
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B. Revised Subjects
22.111 - Nuclear Physics for Engineers - I - Nuclear
phenomena, for advanced students not majoring in
physics. Stationary states of nuclei: nuclear charge,
radius, mass, moments, parity, and statistics.
Barrier transmission; radioactive transmissions;
alpha, beta, and gamma decay. Binding energy, nuclear
forces and nuclear models.
22.112 - Nuclear Physics for Engineers - II - Nuclear
dynamics: energetics and cross sections for nuclear
reactions, scattering, and fission. Passage of
charged particles through matter: ionization, scat-
tering, and radiative losses. Interaction of neutrons
and gamma rays with matter.
22.55 - Nuclear Radiation in Biology and Medicine -
Review of interactions of nuclear radiations in simple
and complex chemical systems, organisms and living
tissue. Consideration of various factors that affect
the biological response. Theory and practice of
radiation dosimetry. Designed to introduce the stu-
dent to the modern medical applications of ionizing
radiation and radionuclides such as nuclear analytical
techniques, nuclear medicine and radiation therapy.
Designed to be compatible with Physiology 207 (Radia-
tion Biology) offered in the Spring term at the Harvard
School of Public Health.
22.611J - Plasmas and Controlled Fusion I - Introduction
to plasma phenomena. The occurrence and generation
of plasmas with applications to thermonuclear fusion,
gas lasers, and astrophysics. Motion of charged
particles in electric and magnetic fields; drifts;
adiabatic invariants. Plasma models: kinetic equations,
MHD and fluid approximations. Wave propagation in
cold and warm plasmas; Landau damping. Simple
equilibrium and stability analysis. Introduction
to collisions and transport processes.
22.612 - Plasmas and Controlled Fusion II - Topics in
plasma dynamics of current interest in thermonuclear
research, such as: conductivity of highly ionized
plasma; radiation losses; wave propagation; magnetic
field structures; instabilities; dynamics of a thermo-
nuclear system; critical review of confinement schemes;
advanced diagnostic techniques; recent experiments.
22.621 - Thermonuclear Reactor Design - Systems
analysis and design of controlled thermonuclear reac-
tors, development of criteria for CTR feasibility on
basis of economic and technical considerations,
detailed critical review of USAEC's prototype reference
reactor designs, non-maxwellian reactors, laser
induced fusion, blanket neutronics, fission-fusion
symbiosis, radiation damage, environmental hazards.
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4.7 Considerations Relevant to Establishment of an
SB Program in Nuclear Engineering
1) Background
During the past year a committee within the
Department of Nuclear Engineering has examined in
some detail the pros and cons of establishing an
undergraduate degree-granting program in Nuclear
Engineering at MIT. The committee considered a
broad spectrum of objectiveinformation and sub-
jective opinion from a variety of sources, including:
(1) A review of the SB curricula at a half-
dozen other schools (about one-fourth of
those currently offering undergraduate
degrees in Nuclear Engineering).
(2) Written response to a letter on inquiry
sent to all major departments in the U.S.
offering an undergraduate program.
(3) In-depth interview sessions with graduate
student members of the Department who
were either holders of the BSNE from
other universities, or former undergrad-
uates at MIT.
(4) Discussions with a number of cognizant
faculty members and administrators within
MIT.
The review centered around the potential educa-
tional value of the program to future MIT undergraduate
students. However a number of pragmatic aspects were
also addressed, including the likelihood that a program
of viable size could be achieved in the near future, and
the effects upon the present graduate program. A brief
summary in each of these areas follows.
2) Curriculum
To provide a focal point for the evaluation, an
illustrative curriculum was drawn up, reflecting a
consensus view of the committee of an acceptable program
within the many existing constraints imposed upon under-
graduate curricula at MIT. The specimen curriculum is
summarized in Table 1; Table 2 contains explanatory re-
marks and comments. Important points to note include:
(1) The first three semesters are essentially
dictated by Institute requirements.
(2) Extensive use is made of subjects offered by
other departments to provide a grounding in
mathematics, science and engineering fundamentals.
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(3) A limited degree of specialization is
permitted, paralleling that in the current
graduate curriculum, in the areas of Fission
Reactor Engineering, Applied Radiation Physics,
Applied Plasma Physics/Fusion Reactor Engineering.
In developing and evaluating this curriculum several
key issues were identified:
(a) whether the proposed curriculum sacrificed
disciplinary depth when compared to other
courses at MIT, such as Mechanical Engineering;
(b) the conflicting requirements of fashioning a
program which would serve both as a terminal
degree and as preparation for graduate school;
(c) problems involved in dovetailing senior under-
graduate and first year graduate subject
offerings.
The proposed curriculum requires only one subject
each in the areas of strength of materials, fluid flow,
thermodynamics and heat transfer. The Department re-
cognized that more disciplinary depth in these areas
is desirable, but considers the specimen program
adequate in view of the fact that it represents
minimum requirements and that it would give the student
better preparation than possessed by many of our entering
graduate students.
Some two-thirds of MIT engineering majors go directly
to graduate school and ultimately as many as 8 out of 10;
the majority to schools other than MIT. The curriculum
outlined in Table 1 provides a terminal BS having practical
utility in the short term.essentially comparable to those
offered in the other BSNE programs received, but also
provides a base from which the student can extract more
educational value from his MSNE-level studies than the
non-BSNE student For those contemplating graduate level
work, additional grounding in mathematics would be required.
There are administrative and curriculum problems
involved in the development of senior year subjects.
Graduate subjects may not be required (but can be elected)
as part of an MIT undergraduate degree program. Therefore
the Department must either make some present graduate
subjects undergraduate level, create new "watered-down"
versions, or devise a workable scheme for offering parallel
undergraduate and undergraduate sections.
All things considered, the committee concluded that
the specimen curriculum was an educationally acceptable
alternative for MIT undergraduates, and could be imple-
99
mented without detracting from the present graduate
program.
3) Practical Considerations
Apart from questions of academic validity the
committee recognized, particularly in view of the
current economic environment, that the subject of
program viability from an administrative viewpoint
must be addressed. The committee considered that a
reasonable objective measure of attractiveness could
be formulated by focusing on projections of potential
program enrollment. Table 3 summarizes five possible
scenarios based upon 1972-74 statistical data; ranging
from the conservative assumption that MIT engineering
majors reflect the nationwide spectrum of career
interests, to the optimistic assumption that the BS
program will be as successful as the present MIT
graduate program in nuclear engineering.
Two important points are to be noted in regard to
Table 3:
(1) The number of BSNE degrees granted nationwide
has doubled every 5 years for the past decade,
while over the last 5 years graduate degrees
awarded have held approximately constant. Thus,
time alone may improve the picture for the BS
program.
(2) It is difficult to project the interests of
MIT students. Over the past two decades the
fraction electing engineering has dropped from
2/3 to just over 1/3. All are admitted on the
basis of ability without commitment as to choice
of career, and primary competition for students
is with the "Ivy League-type" schools - which
are less engineering oriented than MIT, and
which for the most part do not offer bachelors
level nuclear engineering. In recent years a
significant number (over 20) of students admitted
to the freshman year have indicated nuclear
engineering as their first career choice
(although MIT does not now have an undergraduate
program in nuclear engineering). Furthermore
at present about forty MIT undergrads take
subjects offered by the Nuclear Engineering
Department each semester.
All of the other universities (17) who offer a BSNE
and who replied to our inquiry reported very favorably
on the type of student attracted, the educational
challenges to students, the job market, and growth in size
of their programs.
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Based upon the above considerations it was con-
cluded that, given aggressive and wholehearted support
both within and outside the Department, a program
enrolling of the order of one hundred students could be
built-up over a period of five to ten years. Further-
more, considering the structure of the proposed
curriculum, the program could be implemented on short
notice: only two new subjects would have to be
developed over a period of several years; and the
projected increase in work-load over the next four
years could be accommodated by the addition of the
rather modest number of two new faculty members.
4) Conclusions and Recommendation
The preceding considerations were discussed
within the committee during the Spring Semester 1974,
and brought before the departmental faculty as a whole
at several faculty meetings in Fall 1974.
At the Nuclear Engineering Department Faculty
Meeting of December 2, 1974, after considerable
discussion, the faculty expressed its inclination
(in a straw vote: 15 in favor, 2 opposed) to
initiate a bachelors program, and concurred in this
recommendation to begin exploratory discussions along
these lines with the engineering school administration.
Table 3
Size Projections for Undergraduate Program in Nuclear Engineering at MIT
E
Scenario
1 Same % (1%) of MIT Eng.
Undergrads as BSNE's are of all
Eng. Undergrads natidnwide
2 Same % (3%) as at schools
offering the BSNE
3 Same % (6%) as for 5 largest
BSNE programs in U.S.
4 Same undergrad/grad ratio in
course 22 as in MIT Eng. School
5 Same fraction of U.S. undergrad
BSNE's as MIT's present fraction
of all U.S. grad students in Nuclear
Eng. (8%)
nrollment
years 2-4) BSNE/YR
13
39
78
100
120
3
9
17
22
27
Comments
Fall '74 Eng. School enrollment =
1312 undergrads, 1735 grads;
ratio of BSNE/yr to enrollment =
0.22 at MIT
This is approx. size of MIT
Metallurgy and MS Dept.
Larger than MIT Aero/Astro
or Ocean Eng. (-50 undergrads each)
This is roughly current size of
Chem Eng, half that of M.E.
Approx. same size as MIT Civil
Eng. (-130)
H
0
H
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TABLE 2
Key to Preceding Table 1
SD = On Science distribution list and not a Course 22 subject
SR = Institute Science Requirement
LR = Institute Lab Requirement
IR = Institute Requirement
* = Choice not restricted by department but following are
suggested
[a] 22.06 Nuclear Engineering in Society
[b] 22.29 Nuclear Measurements Laboratory
RE = Elective Re.stricted to Course 22 offering
X = Core Curriculum Fundamentals taught by other Departments
(see below)
Total units = 360 (IR)
Core Curriculum: X-series of Engineering Fundamentals; 22.02;
22.211; 22.312
Engineering Fundamentals
The five X-series subjects in engineering fundamentals can
be selected from the following list of subjects taught by the
Civil, Mechanical, Electrical, Chemical, and Aero/Astro Engi-
neering Departments.
Area Suitable Subjects
(1) Strength of materials 1.13 2.01 16.20
(2) Fluid flow 1.05 2.20 10.311
(3) Thermodynamics 2.40 10.14 16.006
(4) Heat transfer 2.51 10.301
(5) Computer modeling 1.00 2.101 6.030
The order in which these subjects are taken is not important
except that prerequisites. and schedule restrictions must be noted;
other subjects at the Institute may be substituted on a case-by-
case basis.
Restricted Electives
Three tracks are possible, but not mandatory, within Course 22.
Spring, Jr. Yr. Fall, Sr. Yr.* Spring, Sr. Yr.
1. Fission Reactor Eng. 22.03 22.312 22.051
2. Radiation Eng. 22.04 22.534 22.052
3. Fusion Reactor Eng. 22.07 22.610 22.053
*Note that Course 22 graduate level subjects are permitted in lieu
of the subjects shown, but are not required.
Curriculum Changes:
New Subjects: 22.05, 22.07
Revised Subject: 22.02 (Nuclear and Atomic Physics only)
Redesignated Subjects (from G to U), 22.211, 22.534, 22.312
or those requiring parallel 22.211, 22.29
U and G sections 22.610
Note: Students who anticipate eventual pursuit of advanced
graduate level work in Nuclear Engineering at M.I.T.
should also take 8.04 Principles of Quantum Physics I,
and 18.075-.076, Advanced Calculus for Engineers.
TABLE 1
SPECIMEN BS CURRICULUM IN NUCLEAR ENGINEERING
FALL TERM
18.01 Calculus
8.01 Physics
3.091 or 5.41 or 5.60 Chemistry
Humanities*
12 (SR)
12(SR)
12(SR)
9(IR)
45
SPRING TERM
18.02 Calculus
8.02 Physics II
Unrestricted Elective*
Humanities*
12(SR)
12(SR)
12[a]
9(IR)
45
SOPHOMORE 18.03 Differential Equations 12(SD) X Engineering Principles I 12(SD)
8.03 Physics III 12(SD) X Engineering Principles II 12(SD)
Laboratory* 12(LR)[b] Unrestricted Elective 12[a]
22.301 Seminar in Nuclear Eng 3 Humanities* 9(IR)
Humanities 9(IR)
48 45
JUNIOR X Engineering Principles III 12(SD) X Engineering Principles V 12
22.02 Physics of Nuclear Energy 12 22.03 Engineering of Nuclear Systems
X Engineering Principles IV 12(SD) CHOICE, 22.04 Radiation Effects & Uses 12
Humanities 9(IR) ,F 22.07 Preparation for Plasma Physics
Unrestricted Elective' 12
Humanities* j(IR)
45 45
SENIOR Course 22 Elective
Unrestricted Elective*
22.211 Nuclear Reactor Physics
Humanities*
12(RE)
12
12
9 (IR)
45
Course 22 Elective
22.05 Nuclear Engineering Design Projects
BS Thesis
Humanities*
o
12 (RE)
12
9
9(IR)
42
NOTE: REFER TO FOLLOWING PAGE FOR EXPLANATORY REMARKS AND COMMENTS
YEAR
FRESHMAN
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5. RESEARCH FACILITIES
5.1 MIT Reactor
The MIT Nuclear Research Reactor (MITR-I) went critical
on July 21, 1958, and operated for nearly 16 years before
being shut down on May 24, 1974, for modification and over-
haul. At the time of shutdown the reactor had logged 63,083
operating hours at full power and 250,445 megawatt hours.
For the MITR-I, briefly, the first year was devoted to
startup experiments, calibration, and a gradual rise to 1 MW
power. Then followed 15 years of three-shift operation at 1
MW until 1962, at 2 MW until 1965, and at 5 MW thereafter.
Modification of the reactor to the MITR-II design, which is
described elsewhere in this report, is expected to be com-
plete in about April, 1975; 5 MW operation is scheduled to
resume about a month later.
The MITR continues to be a most useful and reliable
facility, and this section describes the part which it plays
in the research and teaching programs of the Nuclear Engi-
neering Department and of others, both inside and outside
MIT. A summary of reactor operating statistics for calendar
years 1972, 1973 and 1974 is provided in Table A, using
information from reports to the Reactor Safeguards Commit-
tee. As in previous years, the reactor operated according to
schedule with only a few interruptions for unscheduled
maintenance. A July 1972 shutdown to replace a leaky heat
exchanger lasted for two weeks and was one of the longest we
have experienced, until the present shutdown.
The reactor averages about 97 hours/week at full power
(approximately 4.9 MW) and logs about 5000 operating hours/
year. Normally the reactor starts up after maintenance work
on Monday and shuts down Friday evening. Major maintenance
and special operations, such as the annual building pressure
test, are conducted on Saturdays, and on Sundays if neces-
sary.
The research activities of Nuclear Engineering Depart-
ment staff who utilize the reactor are described elsewhere
in this report. These accounts do not cover research by
other departments or by other universities and research
centers which utilize radioisotopes activated in the MITR.
Our periodic report of "Research and Educational Activities
at the MIT Research Reactor," the next issue of which will
be prepared shortly, describes all MITR activities.
In addition to the Department of Nuclear Engineering, a
total of 18 other departments, study centers, and interdepart-
mental laboratories at MIT have used the reactor at one time
or another since it began operation. Several of these are
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routine customers, such as the Departments of Physics,
Metallurgy and Materials Science, Earth and Planetary
Sciences, and the Draper Laboratory.
The Department of Physics, utilizing several neutron
diffraction spectrometers, conducts elastic scattering
studies in such areas as ferromagnetic prism refraction,
refractive bending by magnetic fields, the Pendellosung
fringe structure in Bragg reflection, the Kondo effect,
diamagnetic scattering, nuclear polarization effects from
polarized nuclear assemblages, and others. Metallurgy and
Materials Science students have studied liquid metal struc-
ture and have used magnetic neutron scattering to study spin
ordering in antiferromagnetic materials as a function of
temperature. It is the above spectrometer experiments,
along with those of the Nuclear Engineering Department,
which will benefit most from the modification of the reactor
core. Earth and Planetary Sciences investigators employ
neutron activation analysis to study the distribution of
rare-earth nuclides in geologic specimens as an indication
of the origin and evolution of materials in the earth's
mantle. Investigators from the Draper Laboratory have been
using reactor facilities which provide appropriate environ-
ments for studies of fast neutron and gamma radiation
effects on the properties of semiconductors and circuits
containing these devices.
Other MIT departments and laboratories which use the
reactor for material irradiations are included in Item 13 of
Table A, i.e., samples irradiated. This number also includes
irradiations for other universities, research laboratories,
hospitals and commercial organizations. During 1973 and 1974
the Harvard Physics Department operated a liquid hydrogen
target which used a neutron beam taken out through the
containment building (via an aluminum neutron window) for
measurements of the scattering corss section of para-hydrogen.
The USAEC's reactor-sharing program, mentioned in the
last report, was expanded to include Northeastern University,
Harvard and Wentworth Institute, as well as Boston Univer-
sity. Students from these educational institutions come to
the MITR for indoctrination and practical training in reac-
tor operation and experimental utilization, as part of
nuclear technology courses taught otherwise by their own
faculties. It is expected that this program will be further
expanded to include additional schools in the Greater Boston
area.
The financial details of reactor operation are con-
tained in Tables B, C, and D. For reactor revenue, Table B
gives the actual figures for 1972-73 and 1973-74, which
indicate a relatively constant level of funding from sources
outside MIT, considering the reduced operating year (11
months) in 1973-74. Teaching and unsponsored use was up
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somewhat from 1972-73 but was still well below the record
highs of the two prior years. 1975-76 revenue is estimated
at $241,000; sponsored use is expected to increase to about
$199,000 due to the addition of another inelastic scattering
spectrometer, the prospect of increasing molybdenum-99
sales, and the use of the reactor in biomedical research.
Reactor operating expenditures are summarized in Table
C. They are about $20,000 less in 1973-74 than in the prior
year as a result of minimizing staff replacements, revising
operating schedule to reduce overtime, and charging frac-
tions of staff salaries to the reactor modification. During
the actual shutdown to carry out the modification of the
reactor, members of the reactor staff are devoting nearly
full time to that project, and their salaries and wages are
being charged to it; only expenses related to future opera-
tion of the reactor are being charged to the operating
account (#11393), an estimated $37,000 for 1974-75.
A comparison of revenues and operating expenses from
1958 through the current year is contained in Table D.
During the first 14 years of operation, we succeeded in
covering direct costs (but only a little of the $449,990 in
overhead which was charged through June 1966). Cumulative
figures for the first 14 years of operation are given in the
first column and for individual years thereafter. The defi-
cits of recent years have in part been recovered through
charges to overhead, so that the actual cost to MIT is the
combination of the unrecovered deficit and the cost for
teaching and unsponsored use of the reactor. The reactor
staff and Department personnel are striving to reduce the
costs to MIT through the addition of new projects and uses
and through the AEC-financed reactor sharing program men-
tioned earlier. Some of the more promising prospects for
additional use are in the medical field, both research and
the projection of the radioisotope molybdenum-99, from which
the gamma scanning agent, technetium-99, is made by a local
radiopharmaceutical firm.
5.2 Cryogenic Facilities
A closed-circuit, low-temperature helium refrigeration
plant has been installed with a design capacity of 200 watts
at 4.2 K. This plant provides refrigeration for the cold
neutron source and supplies liquid helium to an in-core
cryostat.
Helium compressors and recirculators and gaseous helium
storage tanks are located in Building NW12. Transfer lines
carry compressed helium to and return low-pressure helium
from the reactor containment building. Within the reactor
containment building are located the heat exchangers, expan-
sion engines and Joule-Thompson expansion valve which
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TABLE A
SUMMARY OF REACTOR OPERATION
Calendar Year
1972 1973
1. Time of full power operation
2. Time of subcritical and low
power operation for operating
training
3. Time for subcritical and low
power operation for educational
and other purposes
4. Time approaching power
5. Downtime for maintenance
6. Downtime for refueling
7. Time for completing reactor
shutdown
8. Time reactor is idle (no
operation or maintenance)
9. Total hours in period
10. Average number of hours per
week at full power
11. Megawatt hours for year
12. Accumulated megawatt hours
at end of year
13. Total number of samples
irradiated
14. Number of scrams and
unscheduled shutdowns
5,045
13
16
231
599
75
246
2,559
8,784
97.0
24,723
218,276
452
31
5,074
15_
64
219
710
75
187
2,416
8,760
97.6
22,7442
241,020
522
41
NOTE: 121 weeks, January 1 - May 24, 1974
2 Low MWH for year due to sludge buildup in
heat exchanger secondaries, leading to
operation at less than 5MW during many
warm days.
1974'
2,035
12
25
98
181
27
103
950
3,431
97.0
9,425
250,445
232
13
Table B REACTOR REVENUE
It
7
8
9
10
11
12
13
14
15
80664
70780
DSR Project
em Number
1 80727
80371
2 73448
3 81651
80801
4 80375
81228
5 81612
73004
73665
73740
80020
80915
6 No Acct.
Total Anticipated Revenue from Sponsored Use
Use in Teaching & Unsponsored Student Research (in-
cluding funds requested for additional utilization)
TOTAL REVENUE
170,000
37,333
207,333
1972-73
Project Name (Department and/or Sponsor) Actual
Neutron Spectrometers (Physics &
Metallurgy Depts., AEC and NSF) 92,448
Neutron Spectrometer & Irradiations (AMMRC) 220
Neutron Spectrometer (Nucl. Eng.,
AEC and NSF) 24,867
Fast Reactor Blanket Optimization
(Nucl. Eng., AEC) 13,780
Activation Analysis in Geochemistry
(Geol., ONR) 3,226
Particle Track Etch (Nucl. Eng., AEC)
Biomedical Applications (NIH)
Reactor Sharing Program (AEC) 3,678
Molybdenum-99 (commercial)
Radioisotopes & Radiation Therapy (MGH) 1,611
Draper Laboratory 5,288
Miscellaneous (includes Neutron
Activation Analysis Services) 24,882
Fiscal Year
1973-74 (1)
Actual
93,114
103
10,537
15,240
2,776
6,846
6,558
9,200(3)
3,169
1,967
7,949
157,459
46,485
203,944
6,000
6,000
8,000
20,000
3,000
2,000
5,000
199,000
42,000
241,000
NOTE: (1) 11 mos. of revenue (7/1/73 until shutdown for modification on 5/24/74)
(2) Assumes resumption of routine 5 MW operation prior 7/1/76 (FY75 not estimated
due to expected minimal operation)
(3) Less $1220 credited in FY75
1975-76 (2)
Proposed
90,000
1,000
45,000
10,000
3,000
H
Table C REACTOR EXPENSES
Operating Expenses (Acct. 11393)
Fiscal Year:1972-73
Actual
Salaries and Wages
Summer salaries, faculty
Fringe benefits on S&W (17.1% to 7/1/73,
17.3% to 7/1/74, 19.3% to 7/1/75)
Materials and Services
Replacement Parts
Utilities
Insurance
Travel
Equipment
Other Direct Charges
Total Account 11393
214,510
1,570
34,616
28,945
15,104
13,704
625
736
4,153
313,963
1973-74
Actual
180,665
1,667
28,990
35,830
19,939
18,178
274
1,858
5,707
293,108
1974-75(1)
Estimated
22,021
4,250
5,000
1,000
200
5,000
37,471
1975-76 (2)
Proposed
277,984
53,651
21,700
2,000
21,000
19,000
1,000
2,000
7,000
405,335
(i) Expenses related to future operation, not chargeable to modification account 11683
(2) Assumes resumption of routine 5 MW operation prior 7/1/76
H
0
'.0
Table D COMPARISON OF REVENUE AND OPERATING EXPENSES
Fiscal Year:
la. Revenue from research
and other sponsored use
b. Teaching and unsponsored
basic research (since 7/1/64)
c. Total revenue (from Table B)
Actual
1958-72
Inception to
6/30/72(14 yrs)
3,244,625
271,094
3,515,719
1972-73
Actual
170,000
37,333
207,333
1973-74 1974-75(l).
Actual Estimated
157,459
46,485
203,944
1975-76(l)
Proposed
199,000
42,000
241,000
2. Expenditures for direct cost '2'
(from Table C) 3,448,984'' 313,963 293,108 37,471 405,335
3. Revenue
a) less direct costs 66,735 (106,630) (89,164) (37,471) (164,335)
b) less direct costs
plus overhead (433,255) (3)
Notes: (1) See Notes Tables (B) and (C)
(2) not including overhead of $499,990 charged from inception through June 30, 1966
(3) overhead not charged after June 30, 1966
HJ
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complete the refrigeration unit. A 1000-liter Dewar vessel
provides interim storage for liquid helium and serves to
decouple the facilities being refrigerated from the refri-
geration plant proper.
This refrigeration plant and liguid-helium supply are
available to serve experiments employing closed-circuit low-
temperature helium refrigeration.
5.3 Accelerators
5.3.1 Texas Nuclear Corporation Neutron Generator
This 150 keV Cockcroft-Walton type accelerator with a
versatile pulsing system is located in the accelerator vault
of Building NW13. Beam current is 1 ma and either the
D(d,n) or T(d,n) reactions may be used. The accelerator has
been used for slowing-down investigations, heavy water
diffusion parameter measurements, activation analysis
experiments., accelerator studies and fusion blanket studies.
5.3.2 Kaman Pulsed Neutron Source
This is a sealed discharge tube neutron generagor
pulsed to 120 keV at up to 10 pps, and producing 10 neu-
trons per burst by the T(d,n) reaction. The power supply
and housing for the tube were built at MIT. This pulsed
source has been used for reactor lattice research and is
available for other pulsed neutron experiments.
For research programs requiring a steady ion beam, the
Department uses a 4 MeV van de Graaf accelerator at MIT's
Lincoln Laboratory. This machine produces steady beams of
either positive or negative ions. It is being used for the
experiments on the scattering of protons from crystals
before and after fast neutron irradiation to determine the
nature of dislocations. The accelerator could also be used
as an electron irradiator or as a steady neutron generator.
5.4 Nuclear Engineering Laboratories
This is a group of four laboratory rooms. Three are
adjacent on the second floor of Building NW13 and the other
is located in the rear of the first floor of Building NW12.
The space is used for the research activities of a number of
projects being carried out in the Department.
Three of the four rooms are equipped with laboratory-
type benches and hoods. These rooms have been used exten-
sively for chemical operations associated with the Organic
Coolant Project, measurement of thermal contact resistances,
the preparation of lithium-drifted detectors, radiation
effects on methane; hydrogen-deuterium separation, and
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nuclear energy for space applications. The space is quite
versatile and well suited for any type of chemical opera-
tion. A liquid sodium loop has been proposed for instal-
lation on the ground floor of Building NW13.
The fourth room-, located on the second floor of Building
NW13 is an open room used for physics experiments associated
with counter developments and activation analysis. This
room, as well as several of the others, has been arranged to
permit setting up and checking out of large pieces of experi-
mental equipment prior to putting them in the reactor.
In addition to the general laboratory facilities there
are available in these laboratories three gas chromotagraphs,
a high temperature salt bath for viscosity and density
measurements, a mass spectrometer, a 4096 channel analyzer,
and a high vacuum system. A four-station, time-sharing
electronic desk calculator has been installed.
The laboratories and the reactor are supported by well-
equipped machine and electronics shops, a low-level radio-
activity counting room, a drafting room, and a reading room
stocked with nuclear engineering texts, references and
journals.
In 1971 most of the space formerly occupied by the
Nuclear Chemistry Laboratory in the front half of the second
floor of NW13 was reassigned to this Department when the
Chemistry Department ceased its activities in the field of
nuclear chemistry. Six small radiochemistry laboratories
and eight offices were transferred. The offices are used by
faculty and research staff. Some of the small laboratories
are in use for activation analysis and radioisotope produc-
tion. A long-range plan for use of this space will be
developed.
5.5 Plasma Research Facilities
Principal plasma research facilities of the Research
Laboratory of Electronics in use by the Nuclear Engineering
Department are:
1. highly ionized arc column, 50 cm long
2. highly ionized arc plasma, 150 cm long
3. highly ionized plasma column, 3 meters long
4. toroidal non-adiabatic trapping experiment
5. high power lasers, both purchased and constructed
in the laboratory.
This equipment of the Research Laboratory of Electronics
is used extensively for individual student thesis research,
but it is incapable of producing energetic plasmas on the
scale available at the national laboratories. The National
Magnet Laboratory at MIT has sufficient power and space for
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large plasma experiments and is where the Alcator plasma
experiment is being constructed. Nuclear Engineering faculty
and students are assisting in the design of this large,
group experiment and will participate in operations and
interpretation of results.
Faculty and students, along with their research equip-
ment, have moved into excellent office and laboratory space
in the new Fairchild Building, completed in the Summer of
1973 to house the Department of Electrical Engineering and
Research Laboratory of Electronics.
5.6 Computing Facilities
The Department makes extensive use of the facilities of
the MIT Information Processing Center. These facilities
include an IBM 370/155 for batch processing and an IBM
360/67 for time-sharing purposes. Access to the time-
sharing system is via consoles scattered around the Insti-
tute. Several small electronic desk calculators are also
available at various locations around the Department.
The Department has obtained a number of the more widely
used reactor design and analysis codes from other nuclear
computation centers and has adopted them to use with the MIT
computers. These codes have been compiled in a departmental
code library, where students wishing to use the codes are
given assistance and instruction.
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6. DEPARTMENT PERSONNEL
6.1. Faculty
Kent F. Hansen
Professor of Nuclear Engineering; Acting Head of the
Department
S.B. '53, Sc.D. '59 (nuclear engineering) MIT
Reactor mathematics; neutral particle transport;
computational methods; nuclear fuel management.
Arden L. Bement
Professor of Nuclear Materials
E.Met., Col. School of Mines '54; S.M. U. of Idaho '59;
Ph.D. U. of Mich. '63 (metallurgy)
Nuclear materials; radiation effects; physical
metallurgy; materials research related to advanced
energy conversion systems (fast breeder reactor,
MHD and fusion).
Manson Benedict
Institute Professor Emeritus; Professor of Nuclear
Engineering, Emeritus; Senior Lecturer
B.Chem. '28 Cornell; S.M. '32, Ph.D. '35 (physical
chemistry) MIT
Processing of nuclear materials; isotope separa-
tion; reactor fuel cycles; nuclear power economics.
Gordon L. Brownell
Professor of Nuclear Engineering; simultaneous appoint-
ment as Head, Physics Research Lab., Mass. General
Hospital
B.S. '43 Bucknell; Ph.D. '50 (physics) MIT
Biomedical applications of radiation; radiation
dosimetry; radioisotope applications; effects of
radiation on materials; bioengineering.
Sow-Hsin Chen
Professor of Nuclear Engineering
B.S. National Taiwan Univ. '56; M.Sc. National Tsing-
Hua Univ. '58; M.Sc. U. of Michigan '62; Ph.D. McMaster
Univ. '64 (physics)
Applied neutron physics; physics of solids and
fluids; nuclear reactor physics; biophysical
applications of laser light scattering.
Michael J. Driscoll
Associate Professor of Nuclear Engineering
B.S. '55 Carnegie Tech; M.S. '62 U. of Fla.; Ph.D. '66
(nuclear engineering) MIT
Fast reactor physics; reactor engineering.
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Thomas H. Dupree
Professor of Nuclear Engineering and Physics
B.S. '55, Ph.D. '60 (physics) MIT
Mathematical physics; particle transport theory;
plasma kinetic theory.
Michael W. Golay
Assistant Professor of Nuclear Engineering
B.M.E. U. of Fla. '64; Ph.D. '69 Cornell Univ.
(nuclear engineering)
Reactor engineering; reactor physics; fluid mechanics.
James W. Gosnell
Assistant Professor of Nuclear Engineering; Asst.
Director of Reactor Operations
B.S. '58 Nova Scotia Tech.; M.Sc. '59 Ga. Inst. of
Tech.;
Ph.D. '69 (nuclear engineering) MIT
Reactor engineering; reactor physics.
Elias P. Gyftopoulos
Ford Professor of Engineering; Chairman of Faculty
Dipl. in ME & EE '53 Athens; Sc.D. '58 (electrical
engineering) MIT
Reactor dynamics; control system analysis;
thermionic conversion; thermodynamics.
Allan F. Henry
Professor of Nuclear Engineering
B.S. '45, M.S. '47. Ph.D. '50 (physics) Yale
Reactor kinetics; reactor design methods.
Thomas A. Jaeger
Professor of Nuclear Engineering (Visiting)
Diplomingenieur '56 (civil engineering) Dresden
structural and mechanical design; theoretical and
experimental analysis of structural mechanics.
Irving Kaplan
Professor of Nuclear Engineering
A.B. '33, A.M. '34, Ph.D. '37 (chemistry) Columbia
Nuclear physics; reactor analysis; reactor physics
measurements; history of science and technology.
David D. Lanning
Professor of Nuclear Engineering; Co-Director of the
MITR Modification Redesign
B.S. '51 U. of Ore.; Ph.D. '63 (nuclear engineering)
MIT
Reactor operations; reactor engineering; reactor
safety; reactor physics measurements.
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Lawrence M. Lidsky
Associate Professor of Nuclear Engineering
B.E.P. '58 Cornell; Ph.D. '62 (nuclear engineering) MIT
Plasma physics; fusion reactor design.
Edward A. Mason
Professor of Nuclear Engineering; on leave to Nuclear
Regulatory Commission
B.S. '45 Rochester; S.M. '48, Sc.D '50 (chemical engineering)
MIT
Reactor fuel and power systems management;
processing of nuclear materials; reactor engineering.
Peter A. Politzer
Assistant Professor of Nuclear Engineering
B.S. '64 MIT; Ph.D. '69 (plasma physics) Princeton
Plasma physics; controlled fusion.
Norman C. Rasmussen
Professor of Nuclear Engineering
A.B. '50 Gettysburg; Ph.D. '56 (physics) MIT
Nuclear Physics; radiation dosimetry; gamma
spectroscopy; reactor analysis; reactor physics
measurements; reactor safety; environmental effects
of.nuclear power.
David J. Rose
Professor of Nuclear Engineering
B.A.Sc. '47 British Columbia; Ph.D. '50 (physics) MIT
Controlled nuclear fusion; socio-technological
assessment; management of science and technology.
Dieter J. Sigmar
Associate Professor of Nuclear Engineering
M.S. '60 Tech. Univ. of Vienna; Ph.D. '65 Tech. Univ.
of Vienna
Theory of fully ionized plasmas; controlled thermo-
nuclear fusion research; statistical mechanics of
plasmas and fluids.
Neil E. Todreas
Associate Professor of Nuclear Engineering
B.Mch.E. '58, M.Mch.E. '58 Cornell; Sc.D. '66 (nuclear
engineering) MIT
Reactor engineering; reactor thermal analysis;
reactor safety; heat transfer and fluid flow.
Sidney Yip
Professor of Nuclear Engineering
B.S. '58, M.S. '59, Ph.D. '62 (nuclear engineering)
U. of Mich.
Transport theory; neutron scattering; statistical
mechanics; radiation effects.
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5.2. Complete Listing of Personnel (December 1974)
Professor
A.L. Bement
M. Benedict
G.L. Brownell
S.H. Chen
T.H. Dupree
E.P. Gyftopoulos
K.F. Hansen
A.F. Henry
I. Kaplan
D.D. Lanning
E.A. Mason
N.C. Rasmussen
D.J. Rose
S. Yip
Visiting Professor
T.A. Jaeger
Associate Professor
M.J. Driscoll
L.M. Lidsky
D.J. Sigmar
N.E. Todreas
Assistant Professor
M.W. Golay
J.W. Gosnell
P.A. Politzer
Visiting Associate
Professor
L. Wolf
Sr. Research Assoc.
C.V. Berney
Research Associate
R.W. Bowring
L. Clark, Jr.
B.W. Murray
J.W. Stewart
Admin. Officer
J.L. Cochrane
Lecturer
S. Levin
Instructor
D. Cook
Visiting Lecturer
H. Lurie
DSR Staff
G.C. Allen
R.J. Chin
K.D. Collins
D.A. Gwinn
D.J. Hnatowich
V.A. Miethe
DSR - Non-Staff
A.J. Abbott
L. Andexler
G. Dooley
J.P. Knotts
T. LaFontaine
W. McDermott
P.T. Menadier
A.T. Supple
M.L. Wolfe
F.L. Woodworth
Laboratory Service
K.J. Butler
C.E. DeAngelis
T.J. Green
R.E. Henderson
D.A. Lynch
J.J. Rosati
H.J. Scott
R.P. St. Jean
J.E. Wasik
Clerical Staff
M.R. Bateman
M. Brooke Houghton
P.C. De Guzman
D.M. Dutton
K.R. Earnshaw
C.M. Egan
F. Grande
D.L. Hill
J.M. Johnson
C. Mitaras
V.M. O'Keefe
Teaching Assistants
F. Abtahi
W. Brewer
L. Bromberg
A. Cook
M. Cunningham
E. Fujita
K. Garel
D. Johnson
D. Kaplan
D. Komm
M. Krammen
C. Kullberg
K. Lewis
Y. Liu
M. McKinstry
A. Pant
I. Papazoglou
G. Pine
S. Riederer
A. Salehi
M.K. Yeung
Research Assistants
J. Bartzis
G. Bjorkquist
P. Carajilescov
N. Ceglio
H.C. Chan
J. Chan
F. Chang
Y.B. Chen
R. Chin
P. Chrisman
P. DeLaquil
T. Eaton
D. Ehst
R. Eng
A. Forbes
J. Fisher
P. Furtado
R. Galvao
A. Hanson
A. Hershcovitch
T. Hollenberg
J. Hsia
S. Jabbawy
P. Kalambokas
M. Kalra
F. Kautz
W. Kirchner
Y. Lukic
F. Martin
J. Mason
L. Metcalfe
R. Morneau
J. Olmos
T. Postol
C. Primmerman
P. Roth
S. Schultz
J.I. Shin
R. Shober
R. Sims
J. Stetkar
W. Szymczak
A. Taqishi
M. Todosow
T. Wei
B. Worley
S.T. Yang
W. Zimmerman
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7. DEPARTMENT STATISTICS
Statistical Summary
Degrees Granted
- F V
U)
C)
z
o4
- , -II - 1iI
51 - 52
52 - 53
53 - 54
54 - 55
55 - 56
56 - 57
57 - 58
58 - 59
59 - 60
60 - 61
61 - 62
62 - 63
63 - 64
64 - 65
65 - 66
66 - 67
67 - 68
68 - 69
69 - 70
70 - 71
71 - 72
72 - 73
73 - 74
74 - 75
--- none ------
none in nuclear
8 - 8
20
46
74
93
95
102
112
118
109
103
124
125
122
132
127
128
111
117
113
127
139
1
6
6
10
8
8
10
6
6
6
4
3
3
1
1
2
7
20
46
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122
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128
136
130
128
114
118
114
129
146
4
13
10
32
31
44
32
25
34
27
20
24
30
28
27
35
31
27
20
29
32
---- none --------
---- none --------
1
1
2
3
3
11
2
6
8
4
2
5
12
2
7
5
7
11
12
13
14
15
22
13
14
22
14
19
14
8
4
13
10
32
33
51
37
33
45
40
35
41
48
61
42
55
61
45
41
48
52
565 -60 222 847
Sept. Registration
Academic
Year
Sept-June
14
AsI .6-ICI
04
U)
4
0
w
4
0
4-40
044'
0 4
0 $4Z PL
-)
0
U)
0 0)
0 -r,) D
4- 440 U) 0
none
4
5
5
6
7
8
12
14
16
17
20
21
24
25
26
27
28
28
37
35
37
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46
1
2
2
2
3
5
6
8
10
10
13
15
15
16
16
18
17
18
20
19
20
20
22
22
Totals
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8. STUDENTS
Some background information about the 139 full-time students
registered in the Department in September, 1974, is presented
in Tables 8.1 and 8.2. In past years a plurality of our students
have come from undergraduate programs in Physics, with Mechanical
Engineering second. We now find Nuclear Engineering undergraduates
are almost as well-represented as Physics undergraduates. Also,
the appeal of the fusion program has begun to draw in Electrical
Engineering undergraduates and they now surpass Mechanical
Engineering undergraduates.
The distribution of schools from which our domestic students
are drawn is very widespread. The number coming from MIT remains
under 20%, as it has for many years. The foreign student popula-
tion is relatively high, approximately 40%, and reflects the
widespread recognition among foreign countries of their need for
nuclear power. More and more we see the trend of foreign
governments sending qualified students to MIT for training in
Nuclear Engineering.
Support for students has increased markedly in the past
year. In 1973/74 we had 24 research assistants, while this
year we have 48. In addition, the number of individual students
with company or government sponsorship is increasing. We have
joined with other schools in urging that the new Energy Research
and Development Administration establish an office of Nuclear
Education and Training, as the AEC once had, to support fellow-
ship and traineeship programs in Nuclear Engineering. We have
also been most fortunate in having the support of the nuclear
industry for a limited number of fellowships.
The distribution of activities of our graduates is given
in Table 8.2. The breakdown among the categories of U.S.
Industry and Research, National laboratories, Further Study,
U.S. Government, Teaching, and Foreign have changed very little
in the past 5 years. However, we feel we are on the threshold
of a significant change in the number of graduates going to
U.S. Industry. The great manpower needs, discussed in the
Introduction, are drawing a larger percentage of our very
recent graduates to industrial positions with the Electric
Utilities and Vendors.
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Table 8.1
Background of Students Registered
in Nuclear Engineering Department
(September 1974)
By Profession (139)
Aero & Astro
Aerospace Eng.
Applied Science
Chemical Eng. (4)
Chemistry
Civil Eng. (4)
Electrical Eng. (18)
Engineering (11) -
Eng. Science (2)
Eng. Physics (3)
Mathematics (3)
Marine Eng. (4)
Mechanical Eng. (16)
Metallurgy
Nuclear Eng. (29)
Ocean Eng.
Physics (31)
Undefined (9)
Bioengineering
By College (83)
(U.S. citizens only)
Columbia (4)
Cornell (3)
Duke (3)
Harvey Mudd (2)
Lowell Tech. (5)
MIT (15)
Stanford (2)
U.S.M.A. (2)
U.S.M.M.A. (5)
U.S.N.A. (4)
U. California (4)
U. Florida (3)
U. Michiqan (3)
U. Tennessee (3)
By Country
Argentine
Brazil (9)
Canada (2)
Chile
China (Rep.) (8)
Costa Rica
England (2)
France (2)
Greece (5)
Hong Kong (3)
India (2)
Iran (3)
Israel (2)
Italy
Jamaica (2)
Japan (3)
Korea
Lebanon
Mexico (2)
Pakistan
Spain (2)
Turkey
U.S. (83)
Venezuela
Sources of Financial Support
Research Assistantships (48)
Teaching Assistantships (20)
AEC Traineeships (8)
MIT Fellowships (4)
NSF Traineeship
Kanebo Ltd.
US Navy
US Army (2)
Mass. General Hospital
Turkish Min. of Ed.
Self-supporting (26)
AEC Internship
NSF Fellowships (2)
CNEN - Brazil
French Foreign Office
Hertz Fellowship
Sherman Knapp Fellowship
General Motors Fellowship
General Electric Fellowship
Fundacion INI - Spain
AEC of China (2)
GI Bill/VA (3)
Kennedy Scholarship
Mexican Fellowship
Japanese Scholarship
Babcock & Wilcox Fellowship
IAEA
Chilean Navy
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Table 8.2
Activities of Nuclear Engineerinc Dept. Graduates - Dec. 1974
U.S. Industry and Research [231] (34%)
Aerojet Nuclear
Air Rsch. Mfg. Co.
Allis Chalmers (2)
American Elec. Power
Am Science & Eng.
APDA (2)
Assoc. Planning Res.
Atomics Int. (10)
Avco (6)
Babcock & Wilcox (6)
Battelle Northwest (4)
Bechtel (3)
Bell Tel. Lab
Bendix
Bettis (2)
Burns & Roe (2)
California Oil
Combustion Eng. (6)
Commonwealth Edison (8)
Computer Processing
Conn. Mutual Life Ins.
Consolidated Edison
Consultant
Consumers Power
Cornell - rsch.
Direct Energy Con. Lab.
Douglas United Nuc. (2)
Duke Power & Light
Ebasco
Edgerton, Germ. & Grier
General Dynamics, Elec. Boat (7)
General Electric (18)
Gulf General Atomic (18)
Hercules
Hughes (3)
Hybrid Systems
Hanford Eng. Dev. Lab.
IBM (2)
Inst. for Defense Analysis
Internuclear Co.
Isotopes, Inc.
Jackson & Moreland (2)
Lane Wells
A.D. Little (2)
Lockheed
Management & Tech. Cons.
Martin-Marietta (2)
Maxson Elec.
McKinsey & Co.
MIT - rsch. (4)
Mobil Oil
Monsanto
MPR Associates
Nat. Acad. of Eng.
New Eng. Nuclear Corp.
New York Law Firm
North American Rockwell (2)
Northeast Util. Service
Northern Rsch. & Eng. (3)
Nortronics
Nuclear Fuel Service (2)
Nuclear Mat. & Equipment
Nuclear Products
Nuclear Utility Services (4)
Perkin-Elmer Corp.
Philco
Planning Research Corp.
Princeton - rsch. (4)
Public Serv. Elec. & Gas
Purdue - rsch.
Radiation Tech.
Rand Corp.
RCA Research Lab.
Sanders Corp.
Science Applns.
Scientific Data Systems
Smithsonian Astro. Obser.
So. Cal. Edison (4)
S.M. Stoller Assoc.
Stone & Webster (9)
Systems Sci. & Eng.
Systems Control
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Texaco
Texas Instruments
Thermo Electron (2)
TRW Systems (2)
Union Carbide
United Aircraft (3)
United Nuclear (5)
United Eng. & Constr. (2)
U. of Maryland - rsch.
Vacuum Industries
Westinghouse (20)
Yale - rsch. (2)
Yankee Atomic (5)
National Laboratories [55] (7%)
Argonne (9)
Brookhaven (5)
Knolls Atomic Power (16)
Lawrence Radiation (5)
Los Alamos (8)
Oak Ridge (8)
Sandia
Savannah River (3)
Further Study [76] (11%)
MIT (60)
Other (17)
U.S. Government [151] (21%)
Atomic Energy Comm. (18)
Air Force (12)
Army (69)
Army Nucl. Def. Lab.
Army Rsch. Lab. (2)
Ballistic Rsch. Lab.
Classified - WashDC
Coast Guard
Dept. of Commerce
NASA
Naval Rsch. Lab.
Navy (42)
Peace Corps
Picatinny Arsenal
Public Health, Dept. of
Teach_ing [50] (7%)
Amer. Univ. (WashDC)
U. of Bri. Columbia
Brooklyn College, CCNY
Univ. of Cal. (5)
Cal. State (L. Beach)
Carnegie Mellon Univ.
Case Institute
Catholic Univ. of America
Cornell
El Rancho High School
Florida, Univ. of
So. Florida, Univ. of
Georgia Inst. of Tech.
Howard University
Illinois, Univ. of
Iowa State
Kansas State
Lowell Tech. (3)
Loyola Univ.
Mass. Maritime Acad.
'4ichigan State Univ.
Missouri, Univ. of (2)
MIT (6)
New Hamnshire, Univ. of
Northeastern Univ.
Northwest Nazarene
Pennsylvania State
Princeton
Radford College
Renesselaer Polytech
Swarthmore
Texas A & M
Texas, Univ. of
Washington, Univ. of (2)
Wisconsin, Univ. of
Table 8.2
124
125
Table 8.2 (continued)
Foreign [93] (13%)
Belgium (9)
Brazil (6)
Canada (10)
Chile
Columbia, S.A.
England (2)
France (12)
Germany (2)
Greece (3)
India (12)
Indonesia
Iran
Israel (2)
Italy (5)
Japan (8)
Malaysia
Mexico
Norway
Pakistan (3)
Philippines
Poland
Spain (7)
Switzerland (6)
Taiwan
Turkey (4)
Venezuela (2)
NOT REPORTED [52] (7%)
TOTAL [658]
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9. LIST OF THESES
The following theses were submitted to the Nuclear
Engineering Department in September 1973:
W.S. Chow, "Energy Conservation and Economic Considerations
in Household Refrigeration," SM Thesis.
T.S. Choong, "Fast Neutron Spectrometry in an LMFBR Blanket
Reflector," SM Thesis.
S.L. Frankeiwicz, "Spectroscopic Study of Nuclei in the
Strontium Region by Means of One-and-Two Nucleon Transfer
Reactions," SM Thesis.
C. Hove, "Evaluation of a Proposed High Power Density Core
for the MIT Reactor (MITR-I)," NE Thesis.
R. Holten, "Heat Transfer Effects in the Fast Flux Test
Facility Scale Model Experiments," SM Thesis.
B. Hui, "Computer Simulation of Phase Space Density Granu-
lation in Plasma," ScD Thesis.
R.J. Kennerley, "Proton-Recoil Neutron Spectrometry in a
Fast Reactor Blanket," SM Thesis.
W.L. Kirchner, "Turbulent Interchange in Triangular Array
Rod Bundles," SM Thesis.
J.C. Jacquin, "Application of the Finite Element Method to
Heterogeneous Reactor Configurations," SM Thesis.
J.H. Mason, "Gakin II: A One-Dimensional Multigroup Diffusion
Theory Reactor Kinetics Code," SM Thesis.
W.J. Nadeau, "Sea Solar Energy Systems," SM Thesis.
J.H. Swailes, "Ion Energy Measurement Using Ion-Line Broadening
in a Low Light Intensity Plasma," SM Thesis.
P.J. Wood, "As essment of Thorium Blankets for Fast Breeder
Reactors," ScD Thesis.
C.W. Watson, "Transient Transfer Flow Induced Pressure
Fluctuations in the Fuel Coolant Interaction," SM Thesis.
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The following theses were submitted to the Nuclear
Engineering Department in February 1974:
L.R. Anderson, "A Perfermance Review of the U.S. Atomic
Energy Commission's Benefit-Cost Analysis Program for Civilian
Nuclear Reactors," SM Thesis (joint thesis with Management).
J.K. Chan, "A Foil-Method for Neutron Spectrometry in Fast
Reactors," SM Thesis.
D.L. Cook, "The Design of an Experiment to Measure the Ion
Energy Distribution in a Plasma by Charge-Exchange Neutral
Analysis," SM Thesis.
G.A. Ducat, "Evaluation of the Parfait Blanket Concept for
Fast Breeder Reactors," PhD Thesis.
C.W. Forsberg, "A Technical and Economic Study of Uranium
Enrichment by Mass Diffusion," ScD Thesis.
P.L. Hendrick, "Proton Simulated Irradiation-Induced Creep,"
SM Thesis (joint thesis with Metallurgy and Materials Science)
J.D. Huyett, "MITR Cold Neutron Source - Redesign and Initial
Testing," SM Thesis (joint thesis with Electrical Engineering).
J.G. Kollas, "An Investigation of the Equivalent Diffusion
Theory Constants Method and the Response Matrix Method for
Criticality Calculations," PhD Thesis.
C.Q. Lee, "Calculation of Absorbed Fraction for Internal
Gamma-Ray Emitters," SM Thesis.
L.L. Leskovjan, "Experimental Verification of Absorbed
Fractions in a Spherical Phantom," SM Thesis.
D. Marsh, "A Study to Investigate the Factors Influencing
the Electric Utilities' Cost of Debt Capital Between 1960
and 1972," SM Thesis (joint thesis with Management).
A. Nida, "Nuclear Total Utility System for Military Instal-
lations," SM Thesis.
T.A. Rieck, "The Effect of Refueling Decisions and Engineering
Constraints of the Fuel Management for a Pressurized Water
Reactor," PhD Thesis.
K.K. Roe, "Design Concept for a High-Level Radioactive Waste
Engineered Surface Storage Facility," NE Thesis.
R.W. Schaefer, "True Time-Dependent Approaches for Computing
Xenon Spatial Oscillations-," PhD Thesis.
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P.W. Walsh, "A Quantitative Analysis of the Social Costs of
Nuclear Power," Env.E. Thesis.
The following theses were submitted to the Nuclear
Engineering Department in June 1974:
G.J. Brown, "Evaluation of High Performance LMFBR Blanket
Configurations," PhD Thesis.
G. Daley, "Nuclear Power Development An Interfuel Competition
Analysis," SM Thesis.
T.E. Eaton, "Instrumentation Methods for Interchannel Coolant
Mixing Studies in Wire-Wrap Spaced Nuclear Fuel Assemblies,"
NE Thesis.
M.H. Fellows, "Bone Image Generation in Lexan Polycarbonate
from Neutron Induced Autoradiography," SM Thesis.
E.C. Guyer, "Estimation of Salt Drift Deposition from Spray
Ponds," SM Thesis.
J.B. Harvey, "Spectral Analysis of Prompt Gamma Radiation
from Neutron Activation in Tissue Equivalent Phantoms," SM
Thesis.
H.C. Herbin, "Analysis of Operating Data Related to Power
and Flow Distribution in a PWR," NE Thesis.
P. Kalambokas, "Parameter Identification in Point-Kinetic
Nuclear Reactor Models," SM Thesis.
J.L. Lazewatsky, "Metabolic Turnover Studies Using 125 1_
Labelled Fibrinogen," SM Thesis.
L.L. Leskovjan, "An Estimate of the Public Health Costs of
Air Pollution from Fossil-Fueled Power Plants," Env. Eng.
Thesis.
B. Momsen, "An Analysis of Plutonium Recycle Fuel Elements
in San Onofre-I," NE Thesis.
M.R. Murphy, "Ion Cyclotron Resonant Heating in a Linear
Quadrupole," SM Thesis.
I.A. Papazoglou, "Markovian Analysis of Reliability of
Nuclear Reactor Systems," SM Thesis.
A. Ribeiro, "Flow Orificing in Nuclear Power Reactors," SM
Thesis.
C.L. Zimmerman, "The Cost of Reducing Radiation Emission
Exposure from Nuclear Power Plants," SM Thesis.
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The following theses were submitted to the Nuclear
Engineering Department in September 1974:
J.I. Castresana, "Generalized Boltzmann Equation Description
of Density Fluctuations in Fluid Mixtures," PhD Thesis.
A.G. Croff, "MITCOST II - A Computer Code for Nuclear Fuel
Cycle Costs," NE Thesis.
C.R. Cummings, "The Kinetics of Radioisotopically Labeled
Blood Platelets in Calves with Prosthetic Heart Assist
Devices," SM Thesis.
R.A. Da Silva, "An Analytical Model for Study of Plutonium
Recycle in PWR Cores," SM Thesis.
W.J. Emrich, Jr., "Reactivity Studies of the MITR-II," SM
Thesis.
R.D. Feher, "A Brayton Cycle HTGR for a Total Energy Application,"
NE Thesis.
D.P. Hutchinson, "The Design and Construction of a Lyman-
Alpha Doppler Spectrometer," ScD Thesis.
K.L. Ip, "Velocity Measurement in Edge Channel of Wire
Wrapped Fuel Assembly by the Laser Doppler Method," SM
Thesis.
R.E. Masterson, "The Application of Perturbation Theory and
Variational Principles to Fast Reactor Fuel Management," SM
Thesis.
M.S. McClellan, "Flow Stability in BWR Coolant Channels
during Transients," SM Thesis.
M.D. McRobbie, "A Rankine-Cycle HTGR for a Total Energy
Application," SM Thesis.
P.A. Scheinert, "Gamma Heating Measurement in Fast Reactor
Blankets," NE Thesis.
D.W. Ujifusa, "A Conceptual Design of an Indirect Gas Turbine
System for an HTGR," SM Thesis.
